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Introduction

During the last few years the neutrino scenario has draaigtichanged. Atmospheric neutrino
[50], solar neutrino [51] and reactor antineutrino [53] EXperiments have given model indepen-
dent evidences of neutrino oscillations.

In this scenario there are two general theoretical po#s#silfor massive neutrinos, depending
on the conservation or not of the total lepton charge. In tis¢ ¢ase neutrinos are Dirac patrticles,
while in the second they are Majorana particles. At the mdrtien question about the neutrino
nature is still without an answer. The solution of the prablef the nature of the massive neutrinos
will be of fundamental importance to understand the oridithe small neutrino masses and of the
pattern of neutrino mixing. The investigation of neutringcitlations does not allow to solve this
problem.

Experiments looking for the DBQ of even-even nuclei have the highest sensitivity to possibl
violations of the total lepton number L and to Majorana neotmasses. DBOv experiments try
to measure the effective Majorana electron neutrino mass:, >| by measuring the rate of the
DBDOv transition. Unfortunately the calculations of the nuclematrix elements presently available
[21] [10] [43] [6] show a spread of results, due to differenbaels and hypothesis used for their
computation. To overcome this problem it is fundamentaldarsh for DBv on several nuclei
[7].

DBDOv can be searched for with different experimental method® fgissible direct approach is
based on the bolometric technique. The energy releaseélectiic and diamagnetic crystals gives
rise to measurable temperature increases when workingvdéhaperature (=10 mK). Cryogenic
detectors offer therefore a wide choice of DBD candidatés i§otope3°Te is and excellent can-
didate to search for DBD due to its high transition energy2@8 +1.3 keV) and large isotopic
abundance (33.8%) which allows a sensitive experiment fgeb®rmed with natural tellurium. Of
the various compounds of this element, Jefppears to be the most promising, due to its good
thermal and mechanical properties.

Because of the rarity of the searched process, spuriousduea to environmental radioactivity,
intrinsic contaminations and cosmic ray activation of tleéedtor and of the other experimental
setup materials, airbone activity (Rn) and neutrons carcwisthe signal counts of interest. A
good knowledge of the radioactive sources that mainly dauti to the measured background in the
DBDOv energy region, is therefore of fundamental importance depoto study new strategies to
reduce such contaminations and consequently improve tisgtiséy of the experiment.

This PHD thesis work was focused on the analysis of the ddtacted with two bolometric
experiments, aimed to search for the DBDof the isotope°Te . It mainly consisted in the de-
velopment of a background model, able to describe the obdeapectra in terms of environmental
radioactivity, radioactive bulk contaminations of the wahdetector setup and surface contamina-
tions of the material directly facing the detector itselheldeveloped model is based both on the
analysis of the collected data by means of sophisticatelgsiagrocedures and on the direct com-
parison between measured and Montecarlo simulated spétieaMontecarlo spectra are obtained



by means of a C++ code, based on the Geant4 package. Withotlésitcis possible to simulate
detected events due to radioactive contaminations of thieogrment or of the various experimental
parts. Different detector geometries has been introducebd code, in order to account for the
different structures of the analyzed experiments. Thelfirge mass array (MiDBD experiment) to
which the present PHD research activity has been devotedjsted of 20 Te@bolometers of 340

g each (X3x6 cn? crystals), four of which isotopically enriched (two enmchin Té?® and two in
130Te with isotopic abundance of 8%3and 7% respectively), for a total TeOmass of 6.8 kg. It
was operated since 1997 in the hall A of the National Labordmf Gran Sasso (LNGS). From the
analysis of the background data of this experiment we gaaneetter knowledge of the radioactive
sources responsible of the measured background, whiclkéadus to develop a radiopure cleaning
process for the surfaces of the detectors and of all the expetal parts facing them. The developed
cleaning process was adopted in the rebuilding of the MiDBRpeeiment performed at the end of
2000. The detector was completely rebuilt with a new stmagtsimilar to the one foreseen for the
CUORICINO and CUORE experiments, and this allowed to imprbe internal roman lead shield.
The background spectra measured in both the MiDBD runs weayzed and by the comparison
between them we could verify the effectiveness in redudiegdiackgroun of the cleaning procedure
adopted.

The MiDBD experiment was completed in 2001. It was replacgthk larger mass experiment
CUORICINO. The CUORICINO detector is a tower-like struetunade by eleven planes of 4-
crystal modules (55x5 cn? crystals of 790 g mass each) and two additional planes of&air
modules (Xx3x6 cm? crystals of 330 g mass each), for a total Teass of 40.7 kg. All the
crystals are made of natural tellurium but 4 isotopicallyi@red crystals (the ones already used in
MiDBD). With the appropriate new detector geometry, thekdgmound model developed for MiDBD
was used also to analyze the data acquired with CUORICINO.

This same background model, after a correct implementafitime new detector geometry, was
used also to evaluate the experimental sensitivity of the generation experiment CUORE. The
CUORE project is a bolometric detector made by about 100G Be® x5 cn? crystals, arranged in
a cylindrical structure of 19 towers. Each tower consistels3planes each, similar to those used in
CUORICINO. The designed detector should be able to reackeahsitivity in the range 0.01 eV to
the present upper bounds. From the analysis of the backdromeasured with MiDBD-I, MiDBD-II
and CUORICINO, important informations have been obtaimggims of materials contaminations
and contributions to the background in the DBDenergy regions of the performed experiments.
These informations have been used to evaluate by means Mdhtecarlo code the background
level expected in CUORE when using the materials presehtiyiadisposal. At the same time the
Montecarlo code has been used to evaluate the maximum ciowttaon level acceptable for every
single experimental part in order to reach the requiredigeng A plan of material selection and
radioactive measurements was therefore developed.
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Chapter 1

Neutrino Physics scenario

Introduction

In 1930 W.Pauli postulated the existence of the neutrinadieioto reconcile data on the radioactive
decay of nuclei with energy conservation. The postulatagrm® was a massless or very light
neutral particle and just served to balance energy and mimeim beta decays. The first theory
about this nuclear decay was published in 1934 by E.Fermil9B0 the first direct observation
of electron antineutrino form a nuclear reactor was perémirhy F.Reines and C.Cowan. By the
1960 ’s neutrino beams became one of the most importantedpksrticle physics and leaded to the
discovery of the muon neutrino.

Neutrinos are also produced in natural sources. Startitfgein 960 's, neutrinos produced in the
sun and in the atmosphere have been observed. In 1987 ,nweuom a supernova in the Large
Magellanic Cloud were also detected.

The properties of the neutrino and in particular the questidts mass have intrigued physicists
mind ever since it was proposed.

In the laboratory neutrino masses have been searched famwitlypes of experiments: direct
kinematic searches of neutrino mass and neutrinoless ebetd decay (DBDY experiments.

In 1957 B.Pontecorvo realized that the existence of neutriasses would imply the possibility
of neutrino oscillations. Neutrino flavor oscillation halween searched for using either neutrino
beams from reactors or accelerators, or natural neutriensrgted at astrophysical sources or in the
atmosphere. In the last years, experiments studying natecdrino fluxes have provided us with
the strongest evidence of neutrino masses and mixing.

The discovery of neutrino oscillations and the consequertravanishing neutrino masses give
strong indications for theoretical physics beyond the &ath Model (SM).

The first part of this chapter will be devoted to an introdoictto neutrino mass theory, from
the SM to neutrino oscillation. In the second part the expental data and the actual scenario for
neutrino physics will be overviewed.

1.1 The standard Model and Neutrino masses

The Standard Model of particle physics represents our cehgmsive description of the strong,
weak and electromagnetic interactions. Since it was cwaden the 1960 's by Glashow, Salam
and Weinberg, it has successfully passed numerous expdghtests. It is based on a gauge theory



that assumes local gauge invariance of the Lagrangian trastesformations
SU@3). x SU2), x U(1)y (1.2)

Since in this theory all the fundamental particles are fermj they are described by the Dirac
Lagrangian as:

Ly = (@) [in* 0, — m]vpi() 1.2)
wherey; is the fermion field operator.

In the absence of any direct evidence for their mass, nastnvere introduced in the SM as
massless fermions for which no gauge invariant renormalkzenass term could be constructed.
They are singlets a$U (3). x U(1)., and are supposed to interact only via weak interactions. Th
SM has three active neutrinos, accomodated in lepton dtsble

L= (VLl)a l=eu,7 (13)
IL

where e,u, 7 are the charged lepton mass eigenstates. In this scenarch#rged current (CC)
interaction terms for leptons are

Lo = % S T W he. (1.4)
!

In addition the SM neutrinos have neutral current (NC) iat&ons

g
2cosbyy

—Lyo = > T vnZi + hee. (1.5)
l

1.1.1 The see-saw mechanism

After the results from the oscillation experiments varidligories trying to explain the origin of
neutrino masses were developed. Recent measurements/g¢biastrained the sum of the flavor
neutrino masses to 700 meV farther below the other fermiosseg The smallness of the neutrino
mass is difficult to be explained in a SM approach, but can bigeatkin different extensions of the
SM, like in GUTs or in the left-right symmetric gauge theatie

Left-right symmetric theories are based on the group SU{2PU(2)z x U(1), where SU(2)
is referred to as the left-handed isospingiroup associated to a bos®iy,, and the SU(2) as the
right-handed isospingl group associated to a bosbirz. The left-handed and right-handed quarks
and leptons are arranged in SU{2nd SU(2), doublets respectively:

() () @s)
() (or) @)

for the right-handed fermions, whetg, and; are the left-handed and right-handedfields re-
spectively, arising from the left and right handed projctof the Dirac fieldy:

Yo, = PLrv (1.8)

for the left-handed fermions, and



whereP, p = U£%) s the left-right projection operator. If we would assumatthy, ;, are Dirac
fields the Lagrangian density will include a mass term of trent

~Lyn = M 3p = Mg Y, + h.c.) (1.9)

that leads, via the introduction of the Higgs scalar figldnd the spontaneous symmetry breaking
mechanism, to the usual mass term for fermions in the Diraatan. If we derive the neutrino
mass in this way there is no reason for the neutrinos havingss®smaller than the other fermions.
To overcome this problem we need to find other bilinear prtglimwolving);, andiyx that conserve
the invariance of the Lagrangian. This is obtained in thess®e mechanism, based on the left-
right symmetric model, by introducing two more Higgs fields; and Ai are introduced, with
properly chosen quantum numbers. Sigggg) is in an SU(2),z) doublet it has quantum numbers
Ir) = 1/2andlg) = 0. Therefore, the bilinear products involving andy; have the following
guantum numbers:
Yriphasly =1/2 Ip=1/2;
(V) =Yt Qprhasl, =1 Iy = 0; (1.10)
(Vr)Yr = VWrhasl, =0 Igp=1;

wherew = iv,7, With v, and~, two of the Dirac matrices. These terms, with constant coefits,
are forbidden by the&U(2), x SU(2)r x U(1) invariance of the Lagrangian. However, allowed
terms (with totall;, = Lz = 0) may be constructed by coupling these bilinears to the Higiits

®, A, andAg with quantum numbers:

ALIIL:]_ IR:O, (111)
ARIILZO IR:]_,

Therefore the only possible bilinear products«gf and vy that are Lorentz invariant are three
Yucawa couplings to the neutrino fields:

VrdYrL W5L¢L , (Yr)OrYR (1.12)

where the first term is the usual Dirac term. The most genegitdngian mass term results:

where the first term is the Dirac term (1.9) while the secortithe third are Majorana mass terms,

beingMp, M and Mg proportional to the vacuum expectation value)pf\ ;, and A  respectively.

Rewriting the Lagrangian in terms of two new field andy g:
_dn+s _ Y+

XL \/5 y XR \/5

arranged in a doublat = (;‘;) we obtain:

(1.14)

L= XVuéuX + X[M]X (1.15)

where[M] is a real symmetric matrix, called the neutrino mass matrix:

M;, Mp
(2 30 a9



where for various theoretical reasoasA; > is usually set to zero whilez A > must be very
large since no effects of right-handed currents have beem egerimentally up to 549 GeV ([3])
(< Ar >~ Mgyr). The Dirac term arises form the same mechanism giving noadgetfermions,
so we can say ¢ >~ my with f a fermion.

Diagonalizing the mass matri®/| by a rotation in the two-dimensional space of the vegtor
(in practice the diagonalization is performed with a unitaratrix (U V)), we obtain the usual free
Lagrangian for two particles and N, with masses

M, ~ —= y MN =~ MR (117)

where the two particles and N are found to be two Majorana fermion§ = v andN¢ = N being

C the charge conjugation operator. Therefore we can say we diatained two mass eigenstates
that correspond to Majorana particles, with 2 spin staté ead masses of the order of meV and of
Mg respectively.

1.1.2 Neutrino oscillations

A phenomenological consequence of neutrino mass is thébildgf neutrino flavor oscillations.
Indeed neutrino oscillation can arise only if neutrinos mr&ssive and mixed, or in other words,
the neutrino state that is produced by electroweak intienraets not a mass eigenstate. This phe-
nomenon was first pointed out by Pontecorvo in 1957 while thesibility of arbitrary mixing be-
tween two massive neutrino states was first introduced ir2 bi§aViaki, Nakagawa and Sakata. If
neutrinos have masses, the weak eigenstatgsroduced in weak interactions are, in general, linear
combinations of the mass eigenstatgs

(va>= Y Ui |vi> (1.18)
i=1

where n is the number of light neutrino species and U is thepkaft of the unitary mixing matrix
used for the diagonalization of the mass maffik| [4, 5]. In the case of three neutrino species we
obtain:

Ve Uel Ue2 Ue3 n
VH = Uul UMQ Uyg . 1%)) (119)
Vr UTl UT2 UT3 Vs

After travelling a distancé (or, equivalently for relativistic neutrinos, a tinhg a neutrino originally
produced with flavourr evolves as follows:

| Vo (t) > = Z ;i) > (1.20)

It can be detected in the charged-current (CC) interactioN’ — [z N with a probability
Pas =1< v3 | valt) =) 35U, Usy <00) | (0) > (1.21)
i=1 j=1

whereFE; andm,; are respectively the energy and the mass of the neutrino engexsstates;. In the
standard approximationv > is a plane wave and its temporal evolution at a time t is

| Z/Z(t) > = e_iEit | I/Z(O) > . (122)
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Experiment L (m) E (MeV) | Am?(eV?)
Solar 10t 1 10~
Atmospheric 10* — 107 [ 102 —10° | 1071 —10~*
Reactor 102 —10° 1 1072—-10°
Accelerator 102 10% — 10* > 0.1
Long Baseline Acceleratgr10® — 10° 104 102 —-1073

Table 1.1:Characteristic values of L and E for various neutrino sosread experiments.

In all cases of interest to us, the neutrinos are relatozisti

m?
By = \/p} +m? = pi + - (1.23)

Furthermore we can assume tpat- p; = p ~ E. Then, in the case of CP conservation, we obtain
the following transition probability:

n—1 n
Pap =005 —4Y Y Re[Ua; Us,Us ; Us j|sin’ay; (1.24)
i=1 j=i+1
where in convenient units Lkm)
o= 1.27 Am2 (eV?) =Y 1.2
Tij 7 m”(ev)E(GeV) (1.25)

with L=t the distance between the source/pind the detector (that is, the detection pointgfand
AmZ; = m7 —m? with 4, j = 1,2, 3 the three neutrino mass eigenstates. The transition pititpab
(1.24) has an oscillatory behavior, with oscillation ldngt

[ose _ A7 E

= A (1.26)

and amplitude that is proportional to elements in the miximatrix. Thus in order to have oscil-
lations, neutrinos must have different mass@smfj # 0) and they must mix{(,;Us; # 0), since
flavor oscillation is due to interference between diffenmaiss eigenstates.

An oscillation experiment is characterized by the typicalitnino energy E and by the source-
detector distancé. Source extensions (dimensions) can play also a signifioéat In order to be
sensitive to a given value aimz?j an experiment has to be set up with' L ~ Am?j (L ~ L°%°).
The typical values for the sensitivities for different tgpef neutrino sources are summarized in
Tab. (1.1). If(E/L) >> Amg; (L << L°*), the oscillation cannot give rise to appreciable effects
becausein®f;; << 1. For(E/L) << Amfj (L >> L°*°), the oscillating phase goes through many
cycles before detection and, since in general neutrino besasnot monochromatic, the phase is
averaged te< sin®6;; >= 1/2 and the oscillation pattern is washed out.

For a two neutrino case, the mixing matrix depends on a spaylamete#:

cosf  sind
U= ( —sinf cosh ) (1.27)

and there is a single mass-squared differefee’. ThenP,; of eq. (1.24) takes the well known
form
Pop = Gap — (2005 — 1)sin?*20sin’x. (1.28)
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Figure 1.1:Spectra of the sum of the electron kinetic energies for (ap2B(b) DBDOv and (c) dBDx.

In a more general case CP is not conserved and the unitarpgmixatrix U containesv? real
parameters, where N is the number of different neutrinorestgges. N of these parameters cor-
responds to unphysical phases, N(N-1)/2 are angles andlIN@Nare physically relevant phases
describing possible CP violations.

Oscillation experiments only violate the flavor lepton n@nbut conserve the total lepton num-
ber. With such experiments one can determine, in princglleangles and (N-1)(N-2)/2 phases.
These phases, common to the Dirac and Majorana neutrinssriloe CP violation responsible for
the possible differences of the oscillation probabilities» vy andy, — vp. The remaining (N-1)
phases affect only neutrino oscillation-like processed tiolate the total lepton number, such as
the DBDOv decay. Such phases are physically significant only for Megarneutrinos while for
Dirac neutrinos they are unphysical. This is because fookéaja neutrinos one cannot perform the
transformation; — v} = e**iy;, which would violate the self-coniugation property.

1.1.3 Double Beta Decay

Double Beta Decay is a rare transition between two nucldi thie same mass number A, involving
the change of the nuclear charge Z by two units. The decayroae@d only if the initial nucleus is
less bound than the final one. For practical reasons bothmeusiore bound than the intermediate
nucleus. These conditions are fulfilled in nature for mangnegven nuclei. Typically the decay
can proceed from the ground state (spin and parity alWwaysf the initial nucleus to the ground
state (als@*) of the final one, although the decay into excited staigs/(2") is in some cases also
energetically possible.
The two neutrino decay DBE

(Z,A) > (Z+2,A)+e] +e; + et + Uea (1.29)

conserves not only the electric charge but also the totabtepumber and is allowed by the SM.
On the other hand the neutrinoless decay DBD

(Z,A) > (Z+2,A)+ef +ey (1.30)



violates lepton number conservation and is therefore dioldm in the standard electroweak theory.
In various extensions of the SM ([8]) a massless neutraligse postulated, giving the possi-
bility of a third decay channel via the emission of such a Indgalled Majoron) (DBLy)

(Z,A) = (z+2,A)+e] +e; +X (1.31)

It's easy to distinguish the three decay modes (QBDDBDOr and DBDy) by analyzing the
shape of the electron sum energy spectra, which are detedroythe phase space of the outgoing
light particles (see Fig. (1.1)). In thi& decay the maximum of the two electrons sum energy
distribution is located at about 1/3 of the endpoint enehgyhe 0~ mode the two electrons carry the
full available kinetic energy (the nuclear recoil energynéegligible) and the spectrum is therefore
a single peak at the endpoint energy. In the Majoron decayentlogl electron spectrum is again
continuous, but the maximum is shifted at higher energyegsired by the three body light particle
phase space.

Considering only the case of left-handed V-A weak curredtlaght massive Majorana neutrinos,
the differential decay rate for the DB transition can be written as

dp1  dps
(2m)* (2m)3

dFO,, = 27TZRO,,5(61 -+ €9 + Ef — Mz)

spin

(1.32)

whieree; (5 andpy(,) are the total energies and momenta of the electrongtaqdl/;) is the energy
of the final nuclear state. The quantil, is the reaction amplitude to be evaluated in the second
order perturbation theory of the weak interactions.

The leptonic part ofRy,, involving the emission and reabsorption of the Majoranatmeo of
massm; is

d4 ) Jn .
i / 94 iag(g)y, P, LI () (1.33)

(2n)* 2

where P, = (1 — v5)/2, e(z),e(y) are the electron creation operators, and g is the momentum
transfer four-vector. Sincg, matrices anticommute witly; this amplitude is proportional tor;

and the term withy*~y, vanishes. The effect of integrating over the energy of thtuai neutrino

dq® and successively over the momentdiiis the appearance of a neutrino potential, very weakly
depending onn,. For the ground state to ground state transition it is endagtonsider s-wave
outgoing electrons, and the non-relativistic approxiorafor the nucleons. The nuclear part of the
amplitude then turns into a sum of the Gamow-Teller and Farmiear matrix elements

2
| Mo, |= MerOv — z—gMg" (1.34)
A

wheregy (g4) are the axial vector coupling constants.

Thus, in the approximation described above, the transdioplitude for a Majorana neutrino
of massm; is simply a product ofr; and the nuclear matrix elements (1.34). However since an
electron neutrino appears at each of the two vertices, tkengimatrix elementé/,; are required.
The physical DBDv reaction amplitude contains the fac[@jj and is proportional to the factor

<my, >=Y_ m;UZ| (1.35)
J

where the sum is only over the light neutrinos withh < 10MeV. The quantity< m, > is the
effective neutrino mass. Sindéfj and not|U,;|* appear in< m, >, its value depends on the
Majorana phases discussed above.



In order to obtain the decay rate, the reaction amplitudédbe squared, and multiplied by the
corresponding phase space integral, proportional to

G” ~ /F(Z, fl)F(Za 62)p1p2€1€25(E0 — € — 62)d€1d€2 (1.36)

whereEj is the available energy;'(Z, €) is the usual Fermi function that describes the Coulomb
effect on the outgoing electron.

Summarizing, if the DBDr decay is mediated by the exchange of a light massive Majorana
neutrino, the half life can be expressed as:

2
[T9(0" = 09)] ™! = G™(Eo, 2) | M — ZEMPY P<m, >? (1.37)
9a

whereG" is the exactly calculable phase space integralp, > is the effective neutrino mass,
MY, and MY are the nuclear matrix elements defined in eq. (1.34).

Thus, if an upper limit on the DBQV rate is experimentally established and the nuclear matrix
elements are known, it is possible to deduce the correspgngtiper limit on< m, >. On the other
hand, if DBDOv is observed it is possible to deduce the appropriate valyermaf, >.

Clearly, a reliable value (or limit) for the physical quantk m, > can be inferred from exper-
imental data only if the nuclear matrix elements governmegg@BD0v are calculated correctly, i.e.
the mechanism of nuclear transitions is well understood.

There are two well established approaches for the caloulaif the DBD nuclear matrix el-
ements, namely the shell model [9] and the QuasiparticleadBanPhase Approximation (QRPA)
[21, 10]. The two methods differ in the size of model space thedway the ground state correla-
tions are taken into account. A list of valuesigf = G | MY |? calculated in the framework of
different nuclear models are summarized in Tab. (1.2). SlageF imply stringent constrains in
< m, >, such a parameter is usually called Nuclear Factor of Merit.

In the case of the two-neutrino double beta decay, the haélare customarily expressed as
[T%, (07 — 0%)~' = Go, | M&7 |?, whereGy, is an integrated kinematical factor [27] addf
the nucleaBs Gamow Teller matrix element.

In the framework discussed above where the weak eigenstatieimos can be expressed as
superpositions of the mass eigenstates neutrinos usingikieg matrix U;;, the electron neutrino
is then the superposition

N
Ve = Z UiV, (1.38)
and the effective neutrino mass takes the form of eq. (1.88naore explicitly:
|< m, >|EH Uel ‘2 m1-|- | Ueg |2 m2€i¢2+ ‘ Ueg |2 m3€i¢3 | (139)

where where:*?2 ande'?: are the Majorana CP phases](for CP conservation) ang, » ; are the
mass eigenvalues and the elemérit§, | are given by

| U2 |= cos’013c08*019, | U% |= cos®0i13sin*019, | UL |= sin®0y3 (1.40)

Neutrino oscillation data are compatible with two types efittino mass spectra, as illustrated
in Fig. (1.2)

1. Normal Hierarchy(NH) m; < my << mg3



Authors/Ref. Method 1:(%Te) Fv(*'Te) Fv("Ge)
(10*%y) (10 %y (10P?y™h
QRPA Staudtetal., 1992 [11] pairing (Paris)  0.77-0.88 29-3 5.9-10

pairing (Bonn) 0.9-1.1 24-29 4.5-8.9
Pantis et al., 1996 [12] no p-n pairing 8.64 3.0 0.73

p-n pairing 21.1 1.24 0.14
Vogel, 1986 [13] 6.6 3.96 0.19
Civitarese, 1987 [14] 5.2 5.0 1.2
Tomoda, 1991 [15] 5.2 5.03 1.2
Barbero et al., 1999 [16] 3.36 7.77 0.84
Simkovic, 1999 [17] pn-RQRPA 14.5 1.79 0.62
Suhonen et al., 1992 [18] 8.34 3.13 0.72
Muto et al., 1989 [19] 4.89 5.34 1.1
Stoica et al., 2001 [20] large basis 10.7 2.44 0.65

short basis 9.83 2.66 0.9
Faessler et al., 1998 [21] 9.4 2.78 0.83
Engel et al., 1989 [22] generalized

seniority 2.4 10.9 1.14
Aunolaetal., 1998 [23] WS 4.56 5.72 0.9

AWS 5.16 5.06 1.33
Rodin et al., 2003 [24] 27.5 0.95 0.45

SM Haxton et al., 1984 [25] weak coupling 1.6 16.3 1.54
Caurier et al., 1996 [9] large basis 58 0.45 0.15
OEM Hirsh et al., 1995 [26] 7.3 3.6 0.95

Table 1.2:58(0v) nuclear factors of merit | for 13°Te and”®Ge according to different evaluation methods
(QRPA: Quasi Random Phase Approximation, SM: Shell Mod#IEM: Operator Expansion Method) and
authors. The foreseefy3(0v) half-lifetime for'3Te ((m, )| =1 eV) is also reported.

2

2 2 . 2
Ale = Amsol’ ATn32 = ATnatm

2. Inverted Hierarchy(IH) m3 << my; < mg

2 2 . 2 2

In all acases we lack any information about the absoluteesafalher masses, i.e. the actual
value ofm;.

For neutrino masses in the case of NH we have

me ~ \/m?+ Am?,,  m3~\/m?+Am2,, (1.41)

where we took into account the results from oscillation expentsAm?2 , << Am?2, . Inthe case

) sol atm*
of inverted spectrum we have

me ™~ my =~ \/m3 + Am?, . (1.42)

There is also a third possibility, called the Quasi Degemrekierarchy (QDH), in which the
lightest neutrino mass is much larger thgil\m2,,.,. In this case we havey; ~ my ~ ms.
The values ok m, > depends on the neutrino mass spectrum [29]-[37].
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atm

Figure 1.2:Normal and inverted mass hierarchies schemes. Quasi-éeggenhierarchy corresponds to the
casemy >> dmsT >> dmg.

1. Normal Hierarchy
In this case neutrino masses are known from neutrino oScilaata. We have

my << A/Am2,, mo~/Am?,, mz~+/Am2, (1.43)

The effective Majorana mass in this cases can be expressed as
< my, > cos013(Am2 €% 5in*050) + / Am2,,, %% sin?0131/ Am2,,,) | (1.44)

From this expression we can also derive an upper and a lowsrddor < m,, >:

< my >< (cos*0138in* 05011/ Am2,; + 5in0131/Am2,,) (1.45)

and

< my, >>| c0s?0135in* 05\ Am2,, — sin®03 | (1.46)

2. Inverted Hierarchy
In this case for neutrino masses we have

ma << \/AmM2,., my~+\/Am2, .

Am2
my =~ v/ Am2,, (1 + L;l) ~ \/Am2,,
2AmMG,,

(1.47)

The effective Majorana mass is given by

<my, > \/Am2,, | Y U2 (1.48)

i=1,2
Neglecting small & 5%) correction due to U,z |2, for < m, > we obtain
<m, >~/ Am2, | cos*013(cos*Bsol + €*?*5in0,,) | (1.49)

wheregs; = ¢ — ¢1 is a Majorana CP-phase difference.
Thus, in the case of HI the value of the m, > can lay in the range (in the case of CP

conservation)
082055/ Am2,,, << m, >< \/Am2,. (1.50)
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Figure 1.3:The effective Majorana magsi..) as a function of the lightest neutrino mass [31].

3. Quasi Degenerated Hierarchy
In this case the effective neutrino Majorana mass takesottme f

3
<my, >~my | Y UZ (1.51)
i=1

By neglecting the small contributions of the paramétét; | we obtain

< m, >~ my | cos’0y3(cos*fsol + e*2sin0,,) | (1.52)

thus in the case of Quasi Degenerate Hierarchy the valyemf, > can lay in the range:
c0820,m1 << m, ><my (1.53)

From equations (1.45), (1.46), (1.50), (1.53) we can sekeuhi@ss< m, > depends on the
unknown phases;, the upper and lower limits fox. m, > depend only on the absolute value of the
mixing angles. Thus, if the search for DBDis successful and the value afm, > is determined,
and at the same time the mixing anglé$;; | and the mass square differences?; are known from
oscillation experiments, a range of absolute values of dutrmo masses can be deduced (see Fig.
1.3)[39)).

Naturally, if another constraint exists, for example a gsstul determination of the neutrino
mass squar®_, | UZ | m? in Beta Decay experiments, one can use the knowledge of, > to
determine or constrain the phasgs

From equations (1.44) and (1.49) it is also possible to camsthe Majorana neutrino contribu-
tion to the cosmic microwave fluctuatiobs= 3;m; [38]

2(mu)| + v/[(my) |2 £ Im’yp cos?(265)
| cos(263)]

where the plus sign is for NH and the minus sign is for IH. In¢heeim?,,, << %% eq. (1.54) can
be simplified

2/(m,)| +/l{m,)[2 & Smy < £ < (1.54)

< 2[(m,)| (1.55)



1.2 Different technical approaches to DBDv research

In order to measure double beta decays, three general @pgohave been devised: geochemical,
radiochemical, and direct counting measurements. In tloergamical experiments [42], isotopic
anomalies in daughters concentrationgiGfdecaying nuclei over geological time scales are inves-
tigated. They are inclusivar + Ov measurements, not distinguishi?wg from 0z modes. However,
Whean/';e(;';f_g:LZZZj) < Tf/’;(‘g;cb?un .+ Most of the decay is throughy mode. The finite half-lives
measured geochemically in the case$?&fe,%Zr, 128:130Te, 238U can be regarded as DBD half-
life values and at the same time as a boundﬂﬁ;@, sinceTlo/"2 cannot be shorter thah /5 geoch.-

Another way to search for double beta decay is through raéimical experiments, by noticing
that when the daughter nuclei of a double beta emitter aragbkres radioactive, they can be ac-
cumulated, extracted and counted. If the daughter has difeathuch smaller thari0°y and has
no other long-lived parents, its presence can be only dygsto Noticeable examples are that of
B8 — 238Py (88 Yy, o decay) and**Pu — 2**Cm (18 y, o decay) [46]. Also this technique
measures the time for inclusive decays and therefore isbietta distinguish the different Double
Beta Decay channels.

Most of the recent activity, however, refers to direct cangexperiments, which measure the
energy of the3s emitted electrons and so the spectral shapes oRihér, and0rvy modes of
double beta decay. In spite of such characteristic impfeseak at the Q-value for DBI> and
a continuum in ther andOvy case), the rarity of the processes under consideration srthké
identification very difficult. In fact, double beta decays aery rare phenomena, with two-neutrino
half-lives as large a&0'® y to 10?° y and with neutrinoless half-lives as longg° y (and beyond),
as the best lower limit stands by now. Such remotely probalgeals have to be disentangled
from a background due to natural radioactive decay chaoesnogenic-induced activity, and man-
made radioactivity, which deposit energy on the same regibare the DBD decays do but at a
faster rate. Consequently, the main task in DBD searches ieduce the background by using
the state-of-the-art ultra-low background techniques &wagefully, identifying the signal. Some
experimental devices track also the electrons (and othemgel particles), measuring the energy,
angular distribution, and topology of events. The traclgagabilities are useful to discriminate the
DBD signal from the background.

The types of detectors currently used are:

e Calorimeters:the detector acts also as the DBD source [47]. Examples ofinadters are
Ge diodes, scintillators — CaFCdWO, —, thermal detectors —TeG-, Xe ionization cham-
bers. These experiments measure the two-electron sumyeapdypartially discriminate
background signal by pulse shape analysis (PSD). Notalslegbes are IGEX, Heidelberg-
Moscow, Milano-Gran Sasso (MiDBD), CUORICINO and the pregd CUORE and Majo-
rana.

e Tracking detectorsin the inhomogeneous (soutédetector) type (Time Projection Chambers
TPC, drift chambers, electronic detectors) the DBD soutaegqs) is placed within the detec-
tor tracking volume, defining two —or more— detector sectbesading examples of tracking
devices are the Irvine TPC’s and the NEMO and ELEGANTS series

e Tracking calorimetersthey are tracking devices where the tracking volume is dedXBD
source, for example a Xenon TPC (CALTECH/PSI/Neuchated)tae future EXO.

Well-known examples of DBD emitters measured in direct ¢imgrexperiments ar€Ca, *Ge,
%Z7r, 8235e, 199Mo, H16Cd, 139Te, 135Xe, “Nd. Their phase space factor for tBe and Ov de-
cay modes are reported in Tab. (1.3). The strategies fotlawahe DBD searches are different.
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Isotopo Gay Gov
Ge 1.31-10 ¥ [ 6.40-10 1
825e 435-10718 | 2.82-10"14
100Mo 9.43-107'8 | 4.58-10~14
16Cd 8.00-107'8 | 4.95-10"14
128Te 8.54-10722 | 1.83-1071°
130Te 480-107"® | 4.44.107™
136X e 4.86-1071 | 4.73- 107
150Nd 1.19-10°% | 2.10-10" 13
238 6.80-1071% | 1.55.10 13
BKr(BT4T) | 3.90-107% | 1.45-10718

Table 1.3:Phase space factor for some good candidates3fé2r and 550v

Calorimeters of good energy resolution and almost 100%iefity (e.g. Ge-detectors and tellurite
bolometers) are well suited f@gt3(0v) searches. They lack, obviously, the tracking capabilities
identify the background on an event-by-event basis but ki@, in favour, that their sharp energy
resolutions do not allow the leakage of too many counts fradimary DBD2v into the neutrinoless
region. The identification capabilities of the various tyé chambers make them well suited for
DBD searches, but, on the other hand, their energy resaligicather poor and the detection effi-
ciency is only of a few percent. Furthermore, the ultimateducible background source in these
devices when looking fo3(0v) decay will be the standard DBID decay contribution. The re-
jection of background provided by the tracking compensatesertheless, the figure of merit in
BB(0v) searches.

Modular calorimeters can have reasonable amountgamitters (Heidelberg/Moscow, IGEX,
MiDBD and CUORICINO experiments) or large quantities (IR&FORE, Majorana and GENIUS).
Tracking detectors, instead, cannot accommodate largertsof 35 emitters in the source plate.
Recent versions of tracking devices have 10 kg and more (NEMON the other hand, TPC devices
are planning to reach one ton and more of Xenon (EXO).

The general strategy followed to perform a neutrinolesbbbheta decay experiment is simply
dictated by a simple parameterization of expression of #iklifie

Tl% ~ [n2 X % (1.56)
where N is the number of3 emitter nuclei and S the number of recorded counts during tim
(or the upper limit of double beta counts consistent withdheerved background). When taking
for S the maximum signal which could be hidden by backgrounctdilations one has the so-called
detectomeutrinoless sensitivitwhich for homogeneous (souredetector) devices, for which the
background rate scales with the detector mass, reads

Fp =4.17 x 10%(f/A)(Mt/BT)"?ep years (1.57)

where B is the background rate (c/(keV kg y)), M the masg 6femitter (kg),er the detector
efficiency in the energy intervdl around Qg (I' = FWHM), t the running time measurement in
years, f the isotopic abundance and A the mass number. Aogaaleq. (1.57) we see that in order
to obtain a powerful DBDvr experiment it's necessary

e to work with a very large mass source;
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e to have good energy resolution and high efficiency detectors

e to suppress the background contribution performing theespent in a low activity environ-
ment and eventually using event topology reconstruction;

e to have long measurements;
e to choose a nucleus with high isotopic abundance.

In addiction, as in DBDv experiments the searched parameter is the effective neuttass<
m,, >, itis of fundamental importance to choose a nucleus with Inigclear factor of merify .

1.3 ExistingO0v33-decay data and future experiments

Neutrinoless doublg decay, for practical reasons, is searched for in nuclei fuckvusuals decay
is forbidden by the conservation of energy. There are skgeea-even nuclei of this type:

©Ge(Q = 2.039MeV), 30Te(Q = 2.528MeV), 36Xe(Q = 2.480MeV),

10Mo(Q = 3.034MeV), ONd(Q = 3.367MeV), '*Nd(Q = 3.367MeV) (1.58)

and others. The Q-value of the transition, reported in thek®ts, is a relevant parameter for DBD
of theOv33-decay: the decay probability depends on Q and backgroumitilsations are generally
lower at higher energies. Isotopes with large Q values ateefore preferred.

Emitter Experiment Y/, > C.L.%
“8Ca ELEGANT VI 1.4 x 102y 90
“Ge MPIH/KIAE 1.9 x 102y 90
IGEX 1.6x 10y 90
2S¢ UCI 2.7x 102y 68
NEMO 3 47%x 102y 90
%7r NEMO 2 1.3 x 10?2ty 90
10Mo  LBL/MHC/UNM 2.2 x 102y 68
ucl 2.6 x 102y 90
Osaka 5.5 x 1022y 90
NEMO 3 6x102y 90
6Cd  Kiev 1.7x10%y 90
Osaka 29x 102y 90
NEMO 3 1.6 x 102y 90
130Te Milano 21x108y 90

CUORICINO 1x10%y 90
136Xe  Caltech/UN/PSI 4.4 x 102y 90

136Xe  Rome 1.2x10%*y 90
15Nd  UCI 1.2x 102y 90
NEMO 3 1.4x10%y 90

Table 1.4:Limits on Neutrinoless Decay Modes

The results of the main experiments on the search for @BBre summarized in Tab. (1.4)
and (1.5) . The most stringent upper bounds on<hen, > have been reached in Ge (IGEX
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Experiment (m,)| < (eV)

IGEX enrich.”5Ge 0.33 ~ 1.35) (6.0kg)
H/M enrich.%Ge 0.35 ~ 1.05) (11kg)
CUORICINO nat.!*Te (0.26 ~ 1.45) (40.7kg)
MiDBD nat. '3°Te 0.38 ~ 2.2) (6.8kQg)

Table 1.5:Current best constraints (upper limits) o6, )| .

and Heidelberg-Moscow [40]) and CUORICINO [41] experineenThe detector (and source) of
the Heidelberg-Moscow experiment [40] consists of 5 cigstd 86% enreachetfGe with a total
active mass of about 11kg. The experiment operated in tha Gasso underground laboratory,
under heavy shields for gamma and neutrono envronmentah@ity. Extremely low background
levels were achieved thanks to a careful selection of thgpgetterials and further improved by the
use of Pulse Shape Discrimination (PSD) techniques, basttadentification of single site events.
After the PSD cuts, in the DB region the background level s 0.06 + 0.02 c/keV/kgly. For the
half-life the lower bound

T, > 1.9-10%y (90% CL) (1.59)

has been found. Taking into account different calculatiohthe nuclear matrix element, from
eq. (1.59) for the effective Majorana massn, > the following upper bounds

<m, ><(03-1.2) eV. (1.60)

were obtained. Part of the Heidelberg Moscow group claimmeevadence for the DBD®@in 2001
[66] with a best fit for the neutrino Majorana massatn, >= 0.39 eV. More recently a new article
with added statistics was published [48]. The new analysidians the first claimed result giving a
range for< m, > between 0.2 and 0.6 eV (99.73% C.L.) with the best value a¢3.4

Possible confirmations of this result by other experimentsld/ imply a degenerate neutrino
spectrum. Because of the large uncertainties in the neutratrix elements it will be of fundamental
importance to perform the research for D&bfor different isotopes.

A running experiment that will be able to test the HM resulaifew years on a different isotope
is CUORICINO. In the cryogenic experiment CUORICINO [4I4O, crystals with a total mass
40.7 kg are employed. Details of this experiment will be régalater. For the half-life of°Te in
this experiment the following lower bound

Tlo/”2 > 1-10* years (1.61)
was reached recently. From eq. (1.61) for the effective kéagja mass the upper bounds
<m, ><(0.26 — 1.45) eV (1.62)

were obtained.

Many projects of new experiments on the search for the meal&ss doublg-decay of different
nuclei are under research and development at present 3e@4[445] ).

The main goal of the future experiments is to reach a sengitm < m, > of the order of a
few 10~2eV or better. This goal can be accomplished by detectors witksrabout 1 ton or more,
which have a good energy resolution, low background and ficiegit signature fobv 35 events
(see eq. (1.57)).
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The experiment CUORE [41] will be a continuation of the CUGRIO experiment. Cryogenic
detector will consist of 988 O, crystals operated at a temperature 10 mK. The total massof th
detector will be about 750 kg. The expected resolutiobat 2.528 MeV is 5 keV. For the half-life
of 139Te the value

T, ~ 2.96 - 10% years (1.63)

at 68% CL in 1 year is envisaged. This corresponds to thetsgtysi
< m, >~ (20 — 110) meV (1.64)

In the EXO experiment [44] up td0 tons of 60-80 % isotopically enrichédXe are planned to
be used. An important feature of this experiment is a lasgpyite of Ba™ ions, produced in the
recombination oBa™* ions from the decay®*Xe —!3¢ Ba™t + e~ + e~. The detection oBa™
ions will provide large background reduction. The value

Tl% ~ 1-10% years (1.65)

is expected after improving the energy resolution and witleffective Ba tagging. It corresponds
to the sensitivity
<m, >~ (1.3-3.7)-107% eV (1.66)

The GENIUS experiment [48] will be a development of the Hédeg-Moscow experiment.
About 1 ton of 86 % enriche® Ge will be embedded in a large liquid nitrogen cryostat . Theilif
nitrogen will provide effective shielding from the extehackground. For the half-life a value

Tl% ~ 1-10% years (1.67)

is expected upon the background reduction 6 a0~ c/keV/kgly in the DBD region. This value
for the half-life corresponds to the sensitivity

<m, >~ (1.3-5.0)-107% eV (1.68)

In the MAJORANA experiment [45], which will be the continim of the IGEX experiment
[49], about 500 kg of 86 % enreaché&e will be used. The main background is expected from
the decay’®Ge —% Ga + et + v,. It will be suppressed by the segmentation of the detectdr an
effective pulse shape analysis of the signal. In the MAJORANperiment the value

Tl% ~ 4 -10%* years (1.69)
is expected. It corresponds to the sensitivity

<m, >~ (2.1 -7.0)-1072 eV. (1.70)

1.4 Neutrino data

The status of the problem of neutrino mixing changed draliyicluring the last years: in the atmo-
spheric neutrino Super-Kamiokande (SK) [50], solar neot8NO [51, 52] and reactor antineutrino
KamLAND [53] experimentsnodel independent evidences of neutrino oscillatiwase obtained.

All neutrino oscillation data, except the data of the aaceete LSND experiment [54], can be coher-
ently described in the framework if we assume the existehtgree-neutrino mixing in vacuum as
reported in eq. (1.18). The SK atmospheric neutrino data@esedescribed in terms of two-neutrino
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v, — v, oscillations. From the analysis of the experimental datefoliowing best-fit values of the
oscillation parameters were found [50]:

[Amj,| =2-107%eV?, sin®203 = 1.0 (x>, = 170.8/170d.0.f.). (1.71)
At the 90% C.L. one has:
1.3-107% < |Am2,| < 3.0-1073%V?,  sin® 26,3 > 0.9. (1.72)

The results of all solar neutrino experiments can be expthbycoherentv, — v, . transitions
in matter (MSW effect). In the KamLAND experiment, disappearance due to transitions—
v,, In vacuum was observed. From a global two-neutrino osmhaanalysis of the solar and
KamLAND data (performed under the assumption of CPT-irarae), the following best-fit values
of the relevant oscillation parameters were obtained [52]:

Am2, =7.1-10"%V?  sin?6;, = 0.29. (1.73)

In a similar 3-neutrino oscillation analysis of the solautmmo, KamLAND and CHOOZ [55]
data,performed in [56], it was found that at 90% C.L. one has:

5.6-107° < Am2, < 9.2-107%V? 0.23 <sin?#;, < 0.38, for sin?f;3 = 0.0,

6.1-105 < Am2, < 85-10-%V?, 0.25 < sin® 61y < 0.36, for sin®fyy = 0.04, /D

wheref; is the mixing angle limited by the reactor CHOOZ and Palo ¥eggdperiments [55, 57].
The negative results of the CHOOZ [55] and Palo Verde [57fexpents are very important for
understanding the pattern of neutrino mixing and oscdlzi In these experiments no disappearance
of 7, was observed. From the 90% C.L. exclusion curve obtained ffee analysis of the data of
the CHOOZ experiment, the following bound can be derived

sin? f13 < 51072 (1.75)

The same result holds when a global 3-neutrino oscillatiwadyasis of the solar, KamLAND and
CHOOZ data with Am3,| taken to lie in the interval eq. (1.72) is considered [56].

For what concerns the mass of the lightest neutrino masest@afe; (v3) we have only an upper
bound. From the data of the tritium Mainz [58] and Troitsk][&2periments it was found

my < 2.2 eV (1.76)

In the future tritium experiment KATRIN [60] a sensitivityf @, ~ 0.25eV is expected.

An important information about the sum of the neutrino magsa be obtained from cosmolog-
ical data. From the Wilkinson Microwave Anisotropy ProbeN\MP) and the 2 degree Field Galaxy
Redshift Survey (2dFGRS) data it was found [61]

D m; <0.7 eV. (1.77)

A more conservative bound was obtained in [62] from the asislgf the latest Sloan Digital Sky
Survey data and WMAP data. The best-fit valuéygfm, was found to be equal to zero. For the
upper bound one obtains

D mi <1.7eV. (1.78)
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For the case of three massive neutrinos this bound implies

Using the neutrino oscillation data one can predict theiptessanges of values of the effective
Majorana mass. The prediction depends strongly on the ciearaf the neutrino mass spectrum
and on the value of the lightest neutrino mass (see [29]37is possible to summarize the main
results for the three possible types of neutrino mass spads follows [63, 64].

1. Normal hierarchy
Using the 90% C.L. ranges (1.72) and (1.74) of the oscillaparameters and the CHOOZ
bound (1.75) and from eq. (1.45), for the effective Majorarass one finds [63, 30, 65]

<m, ><55-107% eV (1.80)

This bound is significantly smaller than the expected seitgiof the future DBDOv exper-
iments. The observation of the DBD in the next generation of experiments might exclude
normal hierarchical neutrino mass spectrum.

2. Inverted hierarchy
From eq. (1.50) and using the 90% C.L. allowed values of tarpaters (see eq. (1.72) and
(1.74) ) for the effective Majorana mass one finds [30, 65]:

10%eV <<m, ><55-102eV (1.81)

where the upper and lower bounds of eq. (1.50) corresporittcetse of CP conservation and
equal and opposite CP-parities for the neutrinpandw, respectively. Thus, if the neutrino

mass spectrum is of the inverted hierarchical type and th&sivea neutrinos are Majorana
particles, DBDv can be observed in the experiments of next generation.

Assuming that the problem of nuclear matrix elements wilsblved, we see that if the mea-
sured value ok m, > will be within the range given in eq. (1.50), it will be an idtion

in favor of inverted hierarchy of neutrino masses. The omlgnown parameter, which enter
into expression for the effective Majorana mass in the cdsaverted hierarchy, isin? a.
Thus, the measurement &f m, > might allow, in principle, to obtain an information about
Majorana CP phase differeneg[29, 30]. It would require, however, a precise measurement
of the DBDOv half-time.

3. Quasi degenerate hierarchy
Using the best fit value (1.73) we obtain

0.42 my < |mgp| < my. (1.82)

wherem; is the mass eigenstate almost equal for all the eigenstaties QDH scheme. Thus,

a relatively large effective Majorana massss| (much larger thar/Am?2,,, ~ 4.5 -1072%eV)
means that the neutrino mass spectrum is quasi degenefategs| > /Am2,,, ~ 4.5 -
10~2eV will be confirmed by other DBDv experiments, the explanation could be a degenerate

neutrino mass spectrum. From (1.82) for we get the range
‘m/jg| S mi S 2.38 ‘mg/g‘ (183)

From (1.52) it is obvious that if the common mass will be determined fronB-decay mea-
surements and/or cosmological data, nevertheless thereadof the DBDv will allow to
deduce a valuable information about Majorana CP phaseeilifte via the accurate measure-
ment of theDv 33 half-time.
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Finally, by taking into account existing values of neutrioecillation parameters we can take
some general conclusions:

o If the DBDOv will be not observed in the experiments of the next genemaitd
<m, >< afew 1072 eV,

either massive neutrinos are Dirac particles or massiv&ines are Majorana particles and
normal neutrino mass hierarchy is realized in nature. Tlsendation of the DBDv with

<m,>> 451072eV

will exclude normal hierarchy of neutrino masses.

e If the DBDOv will be observed and

0.42 /Am2,, < <m,>< /Am2,,

it will be an indication in favor of the inverted hierarchy méutrino masses.

e If the DBDOv will be observed in future experiments and

2
<my >> \/Amiim,

the neutrino mass spectrum is quasi degenerate and a rartge fmmmon neutrino mass can
be determined.

e If from the future tritium neutrino experiments or from fuéuicosmological measurements the
common neutrino mass will be determined, it will be possiblpredict the value of effective
Majorana neutrino mass:

0.42 m S |mgg| S ms.

A non-observation of the DBO with effective Majorana mas& m, > in this range will
mean that neutrinos are Dirac particles (or other mechannthe violation of the lepton
number are involved).
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Chapter 2

Low temperature detectors

Introduction

Conventional techniques for energy deposition measurenazea based on the detection of the en-
ergy released in the form of ionization and excitation of tle¢ector’'s atoms. Unfortunately the
amount of energy lost in channels different from the detkotees is quite large. In particular, most
of the energy is converted in phonon excitations of thedattiolume of the detector. This loss of
energy, together with the high energy value necessary fat@n excitation or ionization (the ele-
mentary detected event), increase the statistical fluonsbf the number of elementary excitations,
thus worsening the intrinsic energy resolution of suchatetg techniques.

Thermal detectors on the other hand measure the portiorealéposited energy converted in
phonons, through the corresponding temperature rise. #Wdlibe shown later this guarantees a
better intrinsic energy resolution.

The use of temperature detectors to study nuclear phenowssnfirst suggested by Simon [67]
about 60 years ago. In 1949 Andrews detected for the first dilplea particles using superconduc-
tive bolometers [68]. The possibility to use thermal detedbr many topics of research as solar
neutrino spectroscopy, X ray spectroscopy, material comation analysis, WIMPS detection and
rare processes research was a strong motivation to theogeewenht of this technique.

Thermal detectors can be divided into two main categories:

e composite detectorghe detector consists of two separate parts, the absordghamphonon
sensor. To this category belong bolometer, for which the@emeasure the absorber temper-
ature changes;

e monolithic detectorsabsorber and sensor coincide.

Actually the best performances have been obtained with tstekind of detectors, to which this
chapter will be devoted.

2.1 Principle of operation of bolometers

A bolometer consists of three main components (Fig.2.1):

Particle absorber : where the particles deposit their energy. Through the oreasf its temper-
ature rise it's possible to measure the released energy.ab$erber material can be chosen
quite freely, the only requirements being, in fact, reabtmthermal and mechanical proper-
ties. The absorber can therefore be easily built with maedontaining any kind of unstable
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Figure 2.1:Scheme of a bolometric detector.

isotopes and many interesting searches are thereforebpoésig. beta decay spectroscopy,
neutrinoless double beta decay and dark matter). The adrswrdss can range from few mi-
crograms to few kilograms.

Temperature sensor: it is needed to measure the temperature rise induced byattielp interac-
tion in the absorber. Different kind of thermometers exidepending on the material and on
the process through which the temperature signal is caw@ntan electric signal.

Thermal link : it mainly depends on the way the massive crystal is heldeésttucture (heat sink).
Together with the system heat capacity it influences the tesponse of the device.

In a naive model we can assume the detector as a heat capgabs@ber) in thermal connection
with a heat sink (kept at temperatufg) through a thermal conductance G (Fig.2.1).

If T'(¢) is the temperature of the absorber as a function of time andssame thal\7T =
|T(t) — Ty| < T, for all times t, so thaC andG can be treated as constants, then an instantaneous
deposition of an energd F in the absorber gives rise to a temperature pulse:

AE
AT = —— :
o) (2.2)
whose time development is described by:
AFE t

where the time constamt= C(t)/G(t). As it can be easily seen from eq. (2.1) and eq. (2.2) the heat
capacity is a crucial parameter for this kind of deviceseithe smaller it is the higher and faster are
the signals.

2.2 Absorber

From eq. (2.1) and (2.2) it's easy measurable temperaturatieens are obtained with materials
having a low heat capacity at the working temperature. Tdgsiirement is easily fulfilled by a wide
choice of absorber materials working at very low tempegtur
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At low temperature the specific heat of a given crystal can tigen as
c(T) =, (T) + ce(T) + cn(T) (2.3)

wherec, is the lattice contribution and, the electronic contribution to the crystal specific heat and
¢ 1S the magnetic contribution. The first term, that is the arowntribution existing for dielectric
and diamagnetic materials is proportionalltt

3
e (T) = 1—527T4]€BNA (G)lD) (2.4)

wherekg, N, and©p are the Boltzmann constant, the Avogadro number and the étemgpera-

ture, that is specific for every different material. The egpondent heat capacity C(T) for< ©p

is proportional to the mass of the absorber an(itgo )3.

The electronic contribution, depends on the conductive or superconductive nature of gie m
terial. For conductors, is proportional to T while for superconductors, at tempawes lower than
the critical temperature, decreases exponentially with temperature

The eventual magnetic nature of the material give rise tdasieterm, that is inversely propor-
tional to72.

From these considerations it is clear that the best choica i@y temperature detector is based
on dielectric and diamagnetic crystals or superconduatiaeerials with critical temperature consid-
erably higher than the working temperature.

In addition the dependence of the Debye temperature on tee manber A and on the material
densityp as©p A5 -p*% suggests that low atomic mass number and density means eHeate
capacity, even if we have to keep in mind that a higher atomiolver guarantees a higher detection
efficiency for electrons and gammas.

2.2.1 Thermalization process

The energy released by a particle in the absorber goes th@lmng thermalization process. The
deposited energy is downgraded via interaction with théear@and the electronic systems into out
of equilibrium phonons [69]. This initial population sussévely decays via different processes in
an equilibrium Bose-Einstein distribution of thermal pbaos.

Nuclear channel:The energy released by the particle into the nuclear brabigh, (via elastic scat-
terings, produce vibrational excitations, called phondfsr primary electromagnetic radia-
tion the fraction of deposited energy that is released is ¢thiannel is negligible. It must be
taken into account mainly dealing with alpha or heavieriplas. Unfortunately only a frac-
tion of the energyFy is downgraded to phonons. Part of it may in fact be used toym®ed
structural defects in the absorber. Owing to the low opegatemperature these defects are
stable and can constitute energy traps. The statisticalifition of the number of the produced
defects can worsen the energy resolution.

Electronic channel:The energy released in the electronic chani) (s usually spent to excite
electron-hole (e-h) pairs. The incoming particle is slowedn in a fewum (heavy particles)
or mm (electrons) from its interaction point and usuallyas in the crystal. Along its track it
produces many e-h pairs, having at the beginning very highamensity and energy. These
charge carriers interact first with each other and spreadqugckly in the crystal. As a quasi
equilibrium situation is reached, they undergo their firejdation via direct interaction with
the lattice site: these interactions produce phonons.
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During this step undesirable processes could take pladeeda fraction of the pair energy
can leave the crystal or can be stored in stable or metasttits instead of being converted
into crystal lattice excitations.

Let's consider now the phonon thermalization processes.ifihally produced phonons are high
energy and low momentum phonons, belonging to the optiealbrThese primary phonons depart
from the particle interaction region and decay in the lamdjihal acoustic (LA) branch in a very short
time (10=-100 ps). At this point the phonon dynamic is dominated by td@monic decay. A —
LA+TA,whereT A is the transversal acoustic branch. The rate of this decayri is proportional
to E5. When the phonon energy is neartd 0 meV, the an-harmonic decay channel is less important
and the phonon dynamics is dominated by the scattering onritigs. The conversions towards
lower energies become a slow process with times of the ofder®1 sec.

After a certain number of decays the mean free path of thegi®becomes larger than crystal
dimensions. In pure crystals this means that phonons pateadpallistically until they reach the
crystal surface [70]. Phonons that are not absorbed by sevilde reflected by surfaces and
therefore they can undergo other decay processes leadally tima complete thermalization.

Since fast (ballistic) and thermal phonons have separa&a@nent times, two kind of phonon
sensor have been devised [72]:

e ballistic phonon sensors:used to detect phonons at the crystal surface interface sadifar
spatial event reconstruction [71];

e thermal phonon sensors:in which it is assumed a fast and complete thermalizatiorhef t
phonons.

2.2.2 Intrinsic energy resolution

To evaluate the intrinsic resolution of a device we need towkthe statistical fluctuation of the
number of elementary events contributing to a signal. Eeégnentary event (atomic excitation or
ionization for conventional detectors, phonons for thdrdedectors) is associated to an activation
energy called, that is the minimum amount of energy required to producd@mentary quantum.
Because of the loss of energy in channels different from #tealed one, the actual amount of
energy necessary to generate a quantum is generally higéwer and can change from event to
event. We will refer to its average valueas So, for an energy release E, the number of generated

elementary events will be
E
N=— (2.5)
€a
The intrinsic energy resolution is limited by the fluctuatia the number of the produced elementary
excitation events. Assuming Poisson statistics we caruatathis fluctuation aA N = /N, that

means a theoretical energy resolution (FWHM) of

AE AN Fe,
S =935 =2.
E PN P\ E

(2.6)

where F is the Fano factor [73], introduced to take into ant@orrelation effects (non statistical
behavior) of the events [74]. As it can be see form eq. (2.6)nlrinsic resolution for conventional
detectors is proportional t¢/E.

Just to understand quantitatively what eq. (2.6) means ¢et\sider the energy activation for a
Germanium Diode and for a thermal detector. For the firstadeyj is around 3 eV, although the
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band energy gap is 0.7 eV. This difference is due to the baitma of energy loss in other channels.
Actually, since the whole released energy is finally coreeto thermal phonons, their number does
not fluctuate and we should expect an infinite resolution.nBhdluctuation mechanism is however
present and is related to the thermal link maintaining theadyical thermal equilibrium with the
heat sink.

For thermal detector somehow different considerationsbeatherefore taken into account. If
we explicit the expression of E ang for this device we obtain for the number of elementary events
(thermal phonons with average enefgyl’) held in the detector at a given temperature T:

cmry-T  C)
kg-T kg
where C(T) is the heat capacity of the detector material. uAssg also in this case Poissonian

statistic we can derive from eq. (2.7) and (2.6) the expoessir the intrinsic resolution for thermal
detectors:

N — (2.7)

C(T)

where¢ is a dimensionless factor of the order of 10, that accountsidtails of the sensor, of the
heat sink and for the temperature dependence C(T).

It should be stressed that, according to eq. 2.8, the resoltdr bolometers isndependenof
E, with impressive “theoretical” expectations even in theecaf a massive crystal: a Te©rystal
with a mass of 1 kg operating at 10 mK could measure energysitemts of the order of few
MeV with a resolution of about 20 eV, more than two order of miaigles better than conventional
devices. It should be also stressed, however, that thigrfibéynamic limit” doesn’t take into
account other sources of energy fluctuations (e.g. melastértron-hole states or long-lived non
thermal phonons) which participate to the energy depaspiocess and whose contributions to the
energy resolution worsening should be therefore minimized

2.3 Phonon sensor

As previously said for a bolometer, the phonon sensor isadlgta temperature sensor (i.e. a ther-
mometer), able to convert a temperature signal into anratatsignal. Using this device we can
have a voltage measurement of the energy released by dgartihe absorber.

There is a big variety of thermometers. The most common uaede divided in two classes:
semiconductor thermistors (STs) and transition edge $e(§&Ss). For both type of thermometers
the temperature rise is associated to a variation in théreleesistance of the device. The parameter
used to characterize a thermistor is the logarithmic seitgifA, defined as

B ‘dlog R(T)

dlogT (2.9)

with values in the rangé = 10 for STs and in the rangg)? + 102 for TESs. This parameter is used
to evaluate the effectiveness of a thermometer since it uneashe device efficiency in converting
a small temperature rise in a detectable electric signal.

2.3.1 Transition Edge Sensors

This device consist of a thin superconductive film, usualthgbd as to keep the working temperature
within the superconductive transition range. There aredifferent techniques to work with TESs:
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e linear technique (see Fig. 2.2(b))
e complete technique

In the first case the working temperature is chosen in thatinegion of the transition curve.
In this way the resistance variatiaaR will be proportional to the temperature variatidi’. The
disadvantage of this method is the narrow dynamic rangegsircan’t detect energy depositions
leading to temperatures larger than the superconductwmsition temperature.

In the second method the working temperature is chosen tbdbw the linear region. In this
case the dynamic range is wider but the response is no loinger .|

A complex technique was developed, based on the electroibdéeedback, to overcome the
problem, leading to linear response with sufficiently ladlgaamic range.

Superconductive Transition Edge sensors are intringitadt and can be used to detect athermal
phonons. also

2.3.2 Semiconductor thermistor

This phonon sensor device is quite slow. Semiconductomntistors cannot in fact hold signal rates
larger than some Hz. This limits their use to rare events oreas

STs are heavily doped high resistance semiconductors,amiiimpurity concentration slightly
below the metal-insulator transition [75{z00d thermistors require a higly homogeneous doping
concentration which is achieved, in the case of NTD (NeuTmr@msmutation Doped) thermistors, by
means of thermal neutron irradiation throughout the entitame [76]. The bombarding neutrons
induce nuclear reactions on the various target isotopadirig to the formation of n- and p- dopant.
The compensation level K between donor and acceptor atomiseceontrolled by changing the flux
of the neutron irradiation, thus leading to different bebawef the sensor. For typical compensation
levels in the range 0.230.41, the electrical conductivity of these heavily dopeshisenductors at
low temperature strongly depends on the temperature aogpoial thehoppingandvariable range
hopping(VRH) mechanisms [77]. In general the resistivity variedmemperature as
Ty )‘r’

p = poel T (2.10)

wherepy, Ty andy depends on the doping concentration. In the case of VRH,ahe\ofy is 1/2.
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The sensitivity parameter A for semiconductor thermistoisttakes the form:

A(T) = ‘dlnR‘

T\ . ! T\’
| =7 (T) with R(T) = p(T)g = Ry exp (?) (2.11)
wherel ands are the distance between the contacts and the cross settlmtbermistor, respec-
tively. The value of the sensitivity is usually in the rangel®.

The values of i T, and~y must be experimentally measured for each thermistor (ctema
zation process). The measure of the characteristic R(T@doh thermistor is performed thermally
coupling the sensor to a low temperature heat sink usingradagductivity epoxy. The temperature
T (base temperature) of the heat sink is then varied-(58 mK) while a steady current (bias
current) flows trough the thermistors and a voltdge- I R appears across them. This produces a
power dissipation which raises the temperature and actsdrathe resistance, until an equilibrium
is reached. This phenomenon makeslthe I relation deviate from linearity. This characteristic be-
havior of bolometers is often referred to as “electrothémeedback”. The static resistance is simply
the ratio V/I while the dynamic resistance is the tangenhafit — I curve. By further increasing
the bias current the dynamic resistance crosses the sd aalrsion point(where it vanishes) and
becomes then negative. For semiconductor thermistorpjealyy” — I curve, usually referred to as
load curve is represented in Fig.2.3 (a). By a combined fit to a set dd maves at different base
temperatures, all the thermistor parameters are eval(sged-ig.2.3 (b))

2.4 Detector operation

Thanks to the strong dependence of the sensor’s resistiititythe temperature (eq. 2.10) a thermal
signal, due to an energy deposition in the absorber, can needed into electric signal. This is
accomplished by means of a bias circuit as shown in Fig. (2vthere R, are load resistord/r is
the bias voltage antiz(7T') is the electric signal across the bolometer. The curremtsadhe sensor
dissipates a power P which increases its temperature duditigon the resistand@(7’). This is the
electrothermical feedback effect described above.
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Figure 2.4: electric scheme of the bolometer bias circuit.

2.4.1 \Voltage signal amplitude

Considering the circuit in Fig. (2.4) and eq. (2.9), we canwdethe relation between the maximum
potential drop across the thermistorg) the thermistor parameters and the deposited energy:

RLoadRB AT() E
AV, = VitA— =~ ——AV P+/Rp, 2.12
* " (Rpoaa+ Rp)? "™ T, CT, B (2.12)

where E is the deposited enerdl, and AT}, are the operating temperature and the temperature
increase of the bolometer, A is the thermistor sensititys the heat capacity of the absorber and
P is the electrical power dissipated on the thermistor bylthde effect. This expression vanishes
both in the limitP — 0 and P — oo. When the thermistor is operated as a detector sensor, a
steady current flows through it and, in a steady condition, its electrical #mermal parameters are
described by a point on the detecior— I curve (working point). The optimization of the working
point is an important task and must be performed experinigrita each detector. Theptimum
pointis chosen by maximizing the signal/noise ratio. Since tkeetebnic sources of noise decrease
with the resistance of the bolometer the bastking pointcorresponds to a bias voltage slightly
higher than the one corresponding to the Biador which the amplitude of the voltage pulad/s

has its maximum value (see Fig. (2.5)).

The experimental determination of the optimum point candmmplished by means of a fixed
resistanceh{eate)) directly glued onto the crystal through which it is possit dissipate a known
joule power into the crystal in a manner equivalent to a pierénergy deposit. A typical bolometer
response as a function of detector bias is shown in Fig.2.5.

The use of thdeateralso plays a fundamental role in the stabilization of thebwdter response
which changes with the temperature of the heat sink [78].

2.4.2 Noise sources

The main noise sources limiting the resolution for thernmetkdtors can be classified in two main
categories:

e intrinsic noise: this is an unavoidable source of noise, strictly dependenthe physical
characteristics of the absorber and of the sensor. It gheestachable theoretical limit for the
energy resolution.
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e extrinsic noise: it accounts for all the noise sources due to the experimaetalip, as the
cryogenic system and the electronic read-out system. #ctiiegory can be also included
other sources of noise, as electromagnetic interferenugsreechanical microphonic noise.
This noise actually dominates the energy resolution of envdgerature experiments.

In this chapter only a description of the intrinsic noiselwe given, leaving the analysis of the
extrinsic sources for the chapter devoted to the detectarlsle

Johnson noise

From the electric point of view and using a naive model thenth&tor can be considered a resis-
tor. It constitutes therefore a source of Johnson noise. pbiser spectrum noise for a resistance
R~ 150 M working at a temperaturég ~ 12 mK is:

v
2 — ~ —8
Ve(w) \v/4kTRp ~ 10 T (2.13)
thus meaning an rms value of about 30 eV, one order of magnltwder than the usually observed
noise value.

In a more realistic model, that takes into account the eligtérmic feedback effect, the thermis-
tor should be considered a complex impedance. This imgiegsts noise power spectrum depends
on the frequency. In any case the value given in eq. (2.1&sgvgood estimation for an upper limit
of the actual value.

Thermodynamic noise

As previously said the number of phonons exchanged betweethermistor and the heat sink
is subject to statistical fluctuation. This fact limits th@rinsic energy resolution, according to
ed. (2.8) and corresponds to and rms value of 200 eV. As can be seen from this equation the
only parameter depending on the details of the detector\igith a proper optimization work it can
be reduced to values of the order of unity, lowering in thig/ e intrinsic limit of the detector
resolution.
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Chapter 3

TeO2 bolometric experiments for DBD)v
research

Introduction

After some years of research and development the Milangogstarted in 1989 a series of bolomet-
ric experiments in the Gran Sasso Laboratory (LNGS) to $efarcthe DBD)v of 130Te

The preliminary experiment was performed with 73 g and 33ihgls TeG crystals, reaching a
limit on Tl% of 139Te of 2.1x 10* years (9% CL).

The second step was an array of 4 detectors, 340 g each, yakauasibility of a large massive
experiment made by identical bolometers. The cumulatiaé bbtained ory?” /2 of 13°Te was 2.39
x 1022 years (99 CL) [79].

At the end of September 1997, a new array consisting of 20, B0 g crystals was operated
in the LNGS [80, 81]. The new achieved limit dff/’; of 130Te was 9.5x 10?2 years (9¢; CL).
This experiment, named MIDBD, constitutes the first stepatals the next generation experiment
CUORE.

The knowledge acquired in terms of detector performancenigation and background reduc-
tion was delivered to the realization of a second large makmietric experiment, CUORICINO,
a 62 TeQ array for a total mass of 41.7 kg. This experiment is placetthénhall A of the LNGS,
in the same dilution refrigerator previously hosting theDBD array, and is presently collecting
data. CUORICINO is a self-consistent experiment but at #meestime it is a test facility intended to
verify the technical feasibility of CUORE (Cryogenic Undesund Observatory for Rare Events).

The CUORE experiment, already approved, will be the fing stiethis series of experiments,
and is designed to reach the sensitivity to explore the Atrbegienerate and Inverted Hierarchy
hypothesis of the neutrino mass spectrum. It will consist tifjhtly closed structure of 988 TgO
760 g crystals, for a global mass around 800 kg. These expatgrare hosted in the underground
laboratory of Gran Sasso. The mountain in fact constitut85Q0 m.w.e. shield against cosmic
radiation.

3.1 Which absorber for a bolometric experiment

As it was said in chapter 2, the bolometric technique offevdde choice of DBD candidates (as,
for instance®Ca, "Ge, #Se, 1Mo, 11Cd, 3°Te and'®°* Nd), the only requirements being that
the candidate nucleus be part of a compound which can be grothe form of a crystal with good
thermal and mechanical properties.
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Figure 3.1:Comparison between the transition energy (a), the hadffiir DBDQ given< m,, >=0.1 eV
(b) and the natural isotopic abundances (c) for the diffei@BD candidates.

There are however some features that can be taken into adoothbose the best nuclide.

e Q-value: the phase space of the transitiof¥ @& proportional to @, where Q is the energy
transition of the decay. This means that the higher is Q, ihgéb is the probability for the
decay to occur. In Fig. (3.1)a a comparison of the transiéonargy for the various DBD
candidates is reported. The DBD Q-value f#Te is 2528.8+ 1.3 keV and is reasonably
high. The Q-value is also important with respect to the ratadioactivity background. The
Q-value of!3*Te happens to be between the peak and the Compton edge ofith&eé line
of 28T, which leaves a clean window to look for the signal.

e Nuclear dynamics: As it was illustrated in chapter 1 (see eq. (1.37) ), theitiietfor DBDOv
is inversely proportional to the factor of medity = G% | MY |?. The matrix elements
| MY |* are dominated by the nuclear dynamics and differ from onéideito another. As it
can be seen from Tab. (1.2) itis apparent that, no mattenttlear model it is used to compute
the neutrinoless DBD matrix elements, the nuclear factonefit of 1*Te are a factor 5-10
more favorable than those BfGe (the emitter for which the best DB half-life limits have
been achieved so far). This translates into a factor 2 to ®ibas far as thé< m, >|is
concerned. A comparison between the calculated DBbBalf-life (given |< m, >| of 0.1
eV) for the various DBD candidates is reported in Fig. (L)(

e Isotopic Abundance: As it can be seen from eq. (1.57) this parameter plays an itapior
role in determining the sensitivity of a DBD experiment. ttgaic enrichment is not always
practically feasible and is often very expensive. From gust of view the isotope®’Te
is an optimum choice since its isotopic content in naturbiiem is 33.87. A compar-
ison between the natural isotopic abundances of the diffdd8D candidates is shown in

Fig. (3.1)(c).
Taking into account the previous considerations we canladedhat'®’Te is an excellent can-
didate for DBDv research with a bolometric technique.
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The chosen compound to make the absorber is tellurium ox@@g. Trhis choice instead of nat-
ural tellurium was taken since the crystals grown with pue@Videnced poor mechanical properties
and a predisposition to break after a few thermal cyclesdthteon the Debye Temperatufe, of
TeG, is higher than that of pure tellurium, this implying a loweat capacity and thus a higher pulse
amplitude for a given working temperature. Te€@ystals showed also a good intrinsic radiopurity
(less than 1pg/g i®*?Th and?**8U ), a fundamental requirement to study rare events as@BD

The Milano group has tested also other isotopes and comgoiihis is the case of 8Ca F), an
excellent candidate due to the large transition enerd§@f and the good thermal properties of cal-
cium fluoride crystals. The very low natural abundanc& 6% makes on the other hand this choice
very expensive, since it requires a strong enrichment. Qtsted compounds aré’ MoPbOy,
H6Cdw O, and " NdF,. The first, despite the good thermal response faces thegmobf an
excessive counting rate due to the presenc&%tb. '5CdW O, is an excellent scintillator (this
providing an additional tool for background suppressidnit, presents the same problem of low
natural isotopic abundance & aF,. Recent tests o’ NdF, crystals showed a considerable
difficulty to cool down to low temperatures these crystals.

Taking into account all these considerations we see thathbie of the isotopé*’Te in the
form of TeQ, crystals for DBDv research is the only presently available with moderatescarsd
good features for a rare event research.

As presented in the introduction of this chapter differem §eG crystals have been used in the
various series of bolometric experiments performed by thlarid group: 73 g and 334 g crystals
for the first tests, 3x3x6 ctndetectors of 340 g each for the first large mass experimentB®iD
and finally 5x5x5 cm TeQ, crystals with a mass of 790 g each in CUORICINO and CUORE. The
found similar behavior for the different size detectorshwi¢spect to signal rise and decay time,
pulse height and energy resolution gives indications thatimcreased size of the crystals doesn't
affect the performances. Also bigger size crystals of 6x6x8 have been tested, leading to good
results but some &D would be required for their optimization. This dimensia@ems to be the
present growing limit for Te@crystals.

3.2 The sensor

As described in section (2.3.2) the sensor is the fundarheéevice to convert the temperature rise
due to an energy deposition in the absorber into an eledgias The sensors used in MiDBD
and in CUORICINO, and that are going to be used in CUORE ardrNedransmutation Doped
Germanium thermistors, operated in the Variable Range Hgpj¥ RH) conduction regime with a
Coulomb gap [82, 83, 84]. The resistance behavior of thegeekeas a function of T follows the
relation:

R = Ryexp(Ty/T)7; v=1/2. (3.1)

(see the analogous behavior for the resistivity in equat®oh0)). The VRH regime occurs in Ge
when it is "doped” close to the Metal to Insulator Transitiaich is~ 6x10'% atoms / cm. This is
achieved by exposing a Ge sample to thermal neutron radigti@ nuclear reactor. One of the most
significant parameters characterizing the thermal respanthe sensitivity A, already introduced
in chapter 2 and defined in equation (2.9). The value of thrarpater depends on the neutron
irradiation dose.

Even if other simpler Ge doping methods exist (i.e. melt dgpithey usually cannot achieve the
necessary uniformity and the only technique available fodpcing such uniform doping is NTD.
In typical applications, the neutron absorption prob&pflbr a 3 mm thick wafer of Ge is small, on
the order of 3 %, leading to a very homogenous, uniform aligorprocess. The most important

31



aspect of this process is thdGe transmutes into Ga, an acceptor, &f@e transmutes into As, a
donor, the primary active dopants in NTD Ge. In this process, places the Ge in a nuclear reactor
where the following reactions take place:

0Ge (21%) +n — ™Ge (op = 3.4340.17b, o = 1.5b)
"Ge — ™Ga (t1)2 = 11.4day) Acceptor (3.2)

"Ge (36%) +n — "Ge (op = 0.51 £ 0.08b, o = 1.0 + 0.2b)
BQe — TAs (t1/2 = 83min) Donor (3.3)

Ge (7.4%)+n — "Ge (op = 0.16 £ 0.014b, o = 2.0 = 0.35b)
"Ge — ""Se (t), = 38.8hr) DoubleDonor (3.4)

whereor andog refer to the thermal and epithermal neutron capture craggss, respectively.

Since the doping level of the Ge needs to be on the order-ofl0'” atoms/cm, a very high
flux reactor is necessary. Even more important is the stalafithe neutron flux and its energy
distribution.

The significant quantity involved in thermistor performanis the net dopant concentration
which is equal to the concentration of Ga atoms minus theexutnation of As atoms minus twice the
concentration of Se atoms. Unfortunately, to measure #rertal performance of the thermistor, one
needs to wait for the decay of the activation prodiiGe (11.4 day), which requires approximately
one year. Previous measurements carried out in the Graw $absratory [85] have shown that
the residual activity of the NTD thermistors becomes fudlietable in an experiment with thermal
detectors already a few months after irradiation. Follaptime radioactive decay period, the NTD
germanium is first heat treated to repair the crystal stredtien cut into ¥3x1 mm?® strips. The
thermistors then need to be characterized at low tempesgttallowing the procedure described in
section (2.3.2).

3.3 The single module

Once characterized the NTD germanium thermistors are gluede TeQ crystal by 9 spots of
Araldit rapid epoxy, of 0.4 to 0.7 mm deposited on the crystaface by means of an array of
pins. The height of each spot is 2. This procedure was found to be reasonably reliable and
reproducible in the MiDBD experiment [81, 86]. The heat caectdnce of the epoxy spots was
measured in Milan and the phenomenological relation faielsperature dependence was found to
be~2.6 x10~* (T[K]) ® watts per degree kelvin per spot.

Silicon chips with a heavily doped meander structure anaigtance between 50 to 10Qlare
also glued on to each crystal. They are used as Joule heatejsdt a uniform energy in the crystal
in order to monitor the thermal gain and correct its variagioff-line to stabilize the response of the
bolometers. This topic will be discussed in more detailsrlain. The signal is read by means of
two 50 um diameter gold wires, ball bonded to metalized surfacesertermistor and thermally
coupled to the crystals copper frames. This copper streatanstitutes the heat sink, being in
thermal contact with the coldest point of the dilution rgéiator (the mixing chamber).

The TeQ crystals holder structure is crucial to detector perforoeamand must fulfill a number
of sometimes contradictory criteria:
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Figure 3.2: The single module used in the first run of MiDBD. It's possitilesee the crystal (a), the
thermistor with the gold wires (b), the copper frame and tié&P pieces (c).

1. the crystals must be rigidly secured to the frame to prigyawer dissipation by friction caused
by unavoidable vibrations, that can prevent the crystahfreaching the required temperature
and can produce low frequency noise;

2. the thermal conductance to the heat sink (copper framej beulow enough to delay the re-
cooling of the crystal, following a heat pulse, so that thispwlecay time (re-cooling time) is
much longer than the rise time;

3. the heat conductance must be high enough to guaranteergftooling (this is in constrast
with the previous requirement);

4. the frame must compensate for the differences in themparesion coefficients of the various
materials used;

5. and finally, only materials selected for low radioacyivaain be used.

The materials used for the holding structure of the crystedscopper and PTFE; they can both be
obtained with very low levels of radioactivity. Copper hatharmal conductivity and specific heat
high enough to be an ideal heat bath, and has excellent meahproperties.

PTFE is used between the copper frame and the crystals. loWwaseat conductance and low
heat leak [87]. It compensates for the differences betweefficients of thermal expansion of
copper and of Te®. In Fig. (3.2) an example of a single module used in the finstafuthe MiDBD
experiment is shown.

3.4 Detector structure

The single detector module is inserted in a modular strediat can differ from one experiment
to another, since the&D so far performed by the Milano group, lead to some modificegiof the
original design, in order to optimize the detector perfanges with respect to thermal response and
to background reduction. The details of the different strres used in the MiDBD and CUORI-
CINO experiment, and the one designed for CUORE will be dised in this section.
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Figure 3.4: 4 crystal module of MiDBD-I.

3.4.1 MIDBD

The MIDBD experiment built up in 1997, consisted of a of 20stays of TeQ of 3x3x6 cn?
each (340 g), for a total mass of 6.8 kg. It was operated in thk Al dilution refrigerator until
December 2001. Sixteen MIiDBD crystals were made of natwe@l, TOf the remaining four, two
were isotopically enriched at 82.3 % itf Te and other two at 75.0 % #i°Te.

The elementary module was the single module detector shiowigi (3.2). All the 20 single
modules were arranged in a 5 planes tower-like structuraptetely enclosed in a copper box. The
detector tower was mounted inside the inner vacuum chari€)) of the dilution refrigerator and
thermally liked through a cold finger to the coldest pointrd dilution refrigerator, at a temperature
of about 10 mK.

The tower was shielded with an internal Roman lead layer ohIminimum thickness. Addi-
tional layers of 10 cm Roman lead were placed above and bdlevotver, in order to shield the
detectors against the unavoidable radioactive contaimnimatiue to some fundamental components
of the cryogenic system. A scheme of the MiDBD setup is shaowFig. (3.3)a.

The big R&D effort devoted to improve both the knowledge and the radodaif the background
sources and the performance of the new detector mountingmsysoposed for CUORICINO and
CUORE, lead in 2001 to a second run (MiDBD-II) in which theléaing improvements have been
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implemented:

e all crystals have been thoroughly lapped with previous$iae low radioactivity powder to
reduce the surface contamination introduced by the origireaduction process in China. All
these operations and the final mounting of the tower wergechout in a clean room;

e the copper mounting structure elements were subject tadtdl etching process aiming to
reduce radioactive contaminants;

e the amount of teflon used in every single detector module e@soed:;

e amore compact 4 crystal module assembling of the crystalbdan adopted (see Fig. (3.4)).
This allowed the addition of an internal Roman lead shield ofn minimum thickness and of
a layer of 5 cm above the tower;

e a spring suspension system to reduce mechanical vibrations
e an external PET neutron shield was added.

A scheme of the new detector setup is shown in Fig. (3.3)b.

3.4.2 CUORICINO

The CUORICINO detector is a tower-like structure made byeeplanes of 4-crystal modules
(5x5x5 cnt crystals) and two additional planes of 9-crystal modul@8x8 cn? crystals)(see Fig. 3.5).
The 18 small size crystals were taken from the MiDBD expentm€UORICINO contains there-
fore 44 TeQ crystals of 790 g mass and 18 TeQrystals of 330 g mass. The total Te@ass

in CUORICINO is 40.7 kg. All the crystals are made of natuelurium but the 4 isotopically
enriched crystals previously used in MiDBD.

Particular care was devoted to selection and cleaning aintterials used for the construction
of the CUORICINO array. The crystals were grown from pragddow radioactivity materials by
the Shangay Instituts of Ceramics in China and shipped tp \Where they were surface treated
with specially selected low contamination powders. Thelmeaaal structure of the array was made
exclusively in OFHC copper and in teflon, both previously swead to verify the extremely low
radioactive content. All the copper and teflon parts of thenimg structure were separately treated
with acids to remove any possible surface contaminatiore drnay was assembled in an under-
ground clean room in a Natmosphere to avoid Rn contamination. The tower just aiisembly
completion and the details of the two different used modatesshown In Fig. 3.5.

The tower is covered with copper plates and mounted in the 98904W helium liquifier used
for the MiDBD experiment. Due to the bigger dimension of tH8@RICINO tower with respect to
MiDBD, two of the cryostat thermal shields had to be repladedavoid vibrations from the overall
facility to reach the detectors the tower is mechanicallyodgled from the cryostat through a steel
spring. The array is surrounded by-al cm thick roman lead shield (Fig. 3.5) to avoid radioacyivit
coming from the cryostat. For the same purpose two romandeag, 7.5 cm and 10 cm thick, are
positioned just below and above the tower respectively.arheunt of internal roman lead shield is
less than the one used in the MiDBD experiment (1 cm in CUOR({ZVs. 3 cm in the previous
experiment) due to the bigger dimension of the CUORICINOetiow

35



By

T b e ‘

Figure 3.5:The CUORICINO detector: scheme of the tower and internalarotead shields (left), the 13
planes tower (centre), the 4 crystal module (top right) amel @ crystal module (bottom right).

3.4.3 CUORE

The last design of the CUORE detector consists of an arra8fTeéQ 5x5x5 cm? bolometers,
arranged in a cylindrical configuration of 19 towers of 52stays each (Fig. 3.6).

The structure of each four-detector module is shown in Fig. 3he four crystals are held be-
tween two copper frames joined by copper columns, as in tfzBDd-11 and CUORICINO module.
PTFE pieces are inserted between the copper and Te® a heat impedance and to clamp the
crystals.

The four detectors are mechanically coupled; some of theEFAlecks and springs act simul-
taneously on two crystals. The good performances of CUORGCHetectors, having a similar 4
crystal module structure, clearly demonstrate that the REB@chnology is viable.

The CUORICINO detector presently taking data at LNGS cassisone of the 40 detector tow-
ers with the exception of the two planes containing th&36 cn? crystals discussed earlier. Each
of the 25 CUORE towers will be suspended independently frdarge square copper plate, ther-
mally connected to the mixing chamber of a dilution refreger (DR). In this manner CUORICINO
is actually a test for the CUORE array.

The array will be suspended from the mixing chamber by acadrsipring to decouple the detec-
tor from the vibrations of the dilution refrigerator.

3.5 Cryogenic setups

Bolometric detectors, as described in chapter 2, requiogvaMorking temperature. For this reason
all the performed Te@experiments and the&D activities needed a cryogenic setup, able to reach
temperatures around 10 mK.
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Figure 3.6:The CUORE detector (left), one of the 25 towers (right).

Figure 3.7: A four detector module.

Two cryogenic setups were installed in the eighties at LN@$hle Milano group. The first,
used in the past for the MiDBD experiment (Hall A) is now hogtthe CUORICINO detector. The
second (Hall C) has been dedicated to the research and geveho activities for CUORICINO and
CUORE. A completely new cryogenic system will be realized@ORE in the hall A of LNGS.

3.5.1 MIDBD and CUORICINO

The two existing cryogenic setups consist of dilution grators having powers of 1000V (hall A
cryostat) and 20@1 at 100 mK (hall C cryostat). They are both equipped with ackedid Helium
liquefier, providing a substantial recovery of the Heliund greventing Helium contamination of
the tunnel atmosphere, and are housed inside Faraday casiggptress electromagnetic interference
(see Fig. (3.8)). A much larger experimental volume is am@éd in the Hall A cryogenic setup.

All the materials used for construction of MiDBD and CUORND were analyzed to determine
their radioactive contamination levels. These measuré&weere carried out by means of two large
Ge detectors installed in the Gran Sasso underground Lovio®avity Laboratory. The level
of the radon contamination in the air of the Laboratory istoarously monitored. Both dilution
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Figure 3.8: Scheme of the cryogenic setup.

refrigerators are equipped with heavy shields againsrenmiental radioactivity. In particular, the
Hall A dilution refrigerator is shielded with two layers addd of 10 cm minimum thickness each.
The outer layer is of commercial low radioactivity lead, lgithe internal one is made with special
lead with a?'°Pb contamination of 16- 4 Bg/kg. The external lead shields are surrounded by an
air-tight box flushed with fresh nitrogen from a dedicatedpvrator to avoid radon contamination
of the gas close to the cryostat. In order to shield the deteetgainst the unavoidable radioactive
contamination of some fundamental components of the ditutefrigerator thick layers of Roman
lead are placed inside the cryostat just around the detecdoborated polyethylene neutron shield
(10 cm) was added in 2001 to the hall A cryostat.

3.5.2 CUORE

The CUORE bolometers will operate at temperatures betwesmmd71.0 mK. This will require an
extremely powerful dilution refrigerator (DR). The CUOREtédctor will be cooled by & e3/He*
refrigerator with a cooling power of 3 mW at 120 mK. Refrigera with the required characteris-
tics are technically feasible. One example is the DRS-30R0riddel constructed by the Kamerling
Onnes Laboratory in Leiden. The unit is shown in Fig. 3.9ertexd in the dewar. One important
design feature is the 50 mm diameter clear access to the gntkiamber to allow a rod, suspended
from an external structure, to suspend the detector arrayrionize vibrations from direct connec-
tion to the mixing chamber. The temperature of the rod wilcbatrolled in stages along its length
by flexible thermal contacts to avoid vibrations.

The dewar housing the DR will have a jacket of liquid nitrogeN) to avoid the need of su-
perinsulation which is not free of radioactivity. LiqueBawill provide constant liquid levels for the
two baths over long periods of operation. Besides housiagliORE detector, the dewar will be
able to support an effective system of roman lead shieldstaiaed at the low temperature close to
the detectors (Fig.3.9).
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Shielding requirements

Double-beta decay experiments, as well as dark mattersssa@nd searches for rare events in
general, require deep underground locations and ultradolwactive environments. This latter re-

qguirement is usually accomplished by placing severe caimr on the selection of the materials
used and by the realization of proper shielding surrounthegletectors. When complicated struc-
tures like dilution refrigerators are used, the problemheirt shielding and construction using only

low radioactive contamination materials is complex. Mmepsince in MiDBD and CUORICINO

a non negligible contribution to the background rate in #li#80v) region was recognized as orig-

inating from environmental radioactivity, and radioaetisontaminations of the cryostat structure ,
the design of effective shields (specially those direatigrgunding the detector) is crucial to reach
the sensitivity goal of CUORE.

Part of the bulk lead shielding will be placed inside of thgostat, and part outside (Fig. 3.9).
This will shield the detector from environmental radiowityi and from radioactive contaminations
of the dewar structure, also reducing the total amount af leguired. A4 layer of ultra-low
background lead will constitute 3 cm thick walls of the cubtoucture of the array. This layer
will be Roman lead whos&'°Pb activity was measured to be less than 4 mBqg/kg [80]. As for
CUORICINO, the dilution refrigerator will be constructawmin materials specially selected for low
levels of radioactivity . Nevertheless, these levels migithigher than can be tolerated by the
sensitivity requirements. The main goal of the inner leadldiwill be therefore of cancelling their
dangerous contributions to the CUORE background level.

The top of the detector array will be protected by two Pb laydr~1 m diameter and 10 cm
thickness each, with a 10 cm diameter central bore to accatatedhe copper cold finger that
supports the detector and the narrow neck of two radiatioeldshof the refrigerator that are at
temperatures of 50 mK and 600 mK. The layer close to the deteatl be made of high quality
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Figure 3.10:Scheme of the electrical read-out set-up.

lead with an activity of 16 Bg/kg of'°Pb. The upper layer will be made of modern lead with an
activity of 21°Pb of 150 Bg/kg. Another layer of lead, 17 cm thick, and withimakter of~40 cm
will be placed directly on the top face of the detector. Itlw# constructed from low activity lead
of 16 Bg/kg of?!°Ph. This configuration is designed so that the minimum pathealetector from
the IVC and the dilution unit is 20 cm of lead. Finally, outsithe dewar, there will be two 10 cm
thicknesses of lead, 16 Bg/kg #fPb for the inner layer, and 150 Bg/kg for the outer layer. The
lead shield will be surrounded with a 10 cm thick box of bodagtelyethylene that will also function
as an hermetically sealed enclosure to exclude radon.llbe/flushed constantly with dry nitrogen.

The entire dewar, detector, and shield will be enclosed iaraday cage to exclude electromag-
netic disturbances that also constitute a source of baakgraalbeit at low energies, important to
dark matter and solar axion searches. The addition of a metmsurrounding the entire structure
will be also considered.

3.6 Electronics and DAQ

The electrical read-out configuration of a bolometric sysi@shown in Fig. (3.10). The main stages
of the system are:

e Detector biasing: the thermistor is symmetrically polarized by means of 2 loegistorsR; .
In this way a differential signal is read, thus avoiding coommoise. The value aR; must
be greater than the thermistor impedance at the workingeesiyore in order to have constant
current bias and high signals. At~ 10 mK the thermistors behave like a resistance of the
order of 2100 M2; the load resistors are then chosen with values of the oifd@fo The
Johnson noise for these high resistance values is no loegégiible and has an rms value of
about 300 eV for load resistors working at 300 K.

o Firstdifferential stage: it consists of a first differential preamplifier with gain G £&(which
contributes to the reduction of the common noise), an asitigl bessel filter (that cuts fre-
guencies above 12 Hz) and a programmable gain stage. Thistéige can operate at room
temperature, as in Fig.( (3.10)), or cooled down to 120 K. ddid electronics has the purpose
of reducing the series and parallel preamplifier noise, Wwincfact decreases with tempera-
ture, and on the other hand, to reduce microphonic noisejse isource quite important for
low energy signals, as for instance for Dark Matter searches
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e Second stagean additional amplifier stage is set before the signal isstratted to the ADC.

After the second stage the signal is sent simultaneouslye@nhalog to Digital Converter (ADC)
and to the trigger that commands the ADC. If the pulse anqgidiis higher than the trigger threshold
(that is indipendently set for each detector) the signaiggalized and transmitted to a PC-VXI that
works as a memory of the system and makes a pre-analysispéhnuomstting to check real time the
measure state. The ADC parameters depend on the pulse tetistas; but usually a voltage range
of 0 - 10 V and 16 bits are used, thus meaning a resolution iaraitude sampling of 0.15 mV. In
Mi-DBD the sample time was 2 ms with a total number of pulse$@#4, while for CUORICINO
the signal is sampled every 8 sec for a 512 total samplings.

3.6.1 Extrinsic noise

In sections (2.4.2) we have introduced the noise sourcetodte intrinsic properties of bolometric
detectors. The electronic read-out, as it has been justidedc¢introduces sources of extrinsic noise:

e Johnson noise:as previously said, for G load resistors this noise source has a value around
300 eV, not negligible for experimental resolutions in thege 18 keV FWHM. This source
of noise can be reduced working with load resistors at lowptenaiture, since the noise power
spectrum is proportional to the temperature.

e Preamplifier noiseThe noise associated to the preamplifier stage is of thresstgpriesdue
to the JFET resistance having a value around 9seX¥es 1/fthat amounts to 15 eV, and the
parallel shot noisgthat for a room working temperature is around 130 eV rms. U$eal
experimental resolutions for energies close to the DBBignal energy is o&7keV FWHM,
thus meaning that these noise sources doesn’t affect so tneettual value. At low energy,
where the resolution is of the order of 1 keV FWHM they are nker negligible.

e Microphonic noise: it is due to the variation of the static electric charge of thad-out
wires and can be reduced working with a low temperature fiffgrdntial stage, which allows
shorter wires. It contributes with high frequency compdeemd can worsen the low energy
threshold.

Other sources of extrinsic noise can rise from electromigraiation, leading to spike signals
and fast variations of the detector working point.

The most dangerous source of noise is due to thermodinansicditions of the system and to
heat powers rising from mechanical vibrations. These ssunave low frequencies that can be par-
tially corrected via a hardware stabilization system @dtrced in the second run of CUORICINO)
and an off-line stabilization procedure.

3.7 Off-line analysis

The main goal of the off-line analysis is the extraction & televant physics informations from the
large amount of raw data recorded by the DAQ system. Thistaskdes both the raw detector pulse
analysis (e.g. amplitude evaluation, noise rejectiom gestability and linearity correction) aiming
at producing reliable n-ple’s (a proper number of paransdtdly describing each bolometric pulse)
and energy spectra, and the following multi-dimensionallgsis aiming at obtaining the sought
physics results (e.g83(0v) or DM interactions). The identification of the various baekend
sources is also an important goal of the second-level aisalgsd is the main topic of this PHD

41



thesis work. This chapter will be devoted to the first levealgsis, leaving for chapter 5 a detailed
description of the second level analysis.

3.7.1 First-level analysis

As described in a previous section, when the output voltdge given detector exceeds the trig-
ger threshold, the acquisition system records a numbermferted signal samples. The acquired
time window (~few sec) must fully contain the pulse development in ordeallow an accurate
description of its waveform. The existence of a pre-trigg&rval just prior to the production of the
pulse (“baseline”) guarantees that a small fraction of tinalper of acquired samples can be used to
measure the DC level of the detector (which is directly cateetto the detector temperature).

The fact that for each triggered pulse an entire waveformanspted and recorded gives a lot of
useful informations, as it will be shown in this section.

The following are important goals for the (first-levelmulsg analysis (FLA):

1. maximization of the signal to noise ratio for the bestreate of the pulse amplitude. This is
accomplished by means of the optimum filter (OF) techniq&é [8

2. correction of the effects of system instabilities thadrmde the response function of the detec-
tors (gain “stabilization”);

3. rejection of the spurious triggered pulses by means afgsthape analysis;

4. identification and rejection of radioactive backgroundsps by means of coincidence analy-
sis.

The Optimum filter

The OF technique is frequently used with bolometers to etalthe amplitude of a signal with
a superimposed stochastic noise. This algorithm has pravemovide the best estimate of the
pulse amplitude under general conditions. Relative to gEmaximum—minimuralgorithm, this
technique allows the evaluation of the signal amplitudénwmiuch higher efficiency resulting in an
effective improvement of the detector energy resolutiohe Tollowing information is needed to
implement the OF technique: the detector response fun@terthe shape of the expected signal in
a zero noise conditiony(w) and the noise power spectruW(w). Once these are known, the OF
transfer function is easily obtained and used as a digitat fibr the acquired pulses. The role of the
OF transfer function is to weight the frequency componehte@signal in order to suppress those
frequencies that are highly influenced by noise and has fhession:
. S*(w) —twtys

Hw) = K N@) e (3.5)
where K is an arbitrary constant ang the time at which the filtered signal is maximum. The am-
plitude of the pulse is then evaluated by integrating e®.,) (@ evaluating the amplitude of optimally
filtered pulses in the time domain. filtered pulses.

The noise power spectruii(w) is usually obtained from a hundred of baseline signals rartyglo
acquired before every measurement by averaging the squatelenof their discrete Fourier trans-
forms. The shape of of the detector response function isiated by averaging over a large number
of acquired pulses, accurately selected as to reject spusignals.
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Figure 3.11:Heater amplitude vs baseline before (a) and after (b) thbikzation procedure.

The nuple construction

In processing the data off-line, the following parameteesevaluated and recorded to disk for each
digitized pulse 1§-ple):

1. thechannel number.e., the number of ADC channel that exceeded the triggestiuold;
2. theabsolute timet which the pulse occurred with a precision of 0.1 msec;

3. theOF amplitude.e. the amplitude of the optimally filtered signals
4

. thebaseline obtained by averaging a proper number of samples from thdrigger inter-
val. Since the detectors are DC coupled, it provides a direzsurement of the detector
temperature at the creation of the signal;

5. the signatise anddecay times

6. thepulse shape parametersbtained by comparing the acquired pulse with the expeeted
sponse function of the bolometer after OF or adaptive filtAriurther powerful technique is
based on the use of artificial neural networks (ANN);

7. thepile-up fraction The Wiener-filter algorithm is implemented [89] in orderraxrognize
and successively reject double events. When two signal®arel to occur in the same ac-
quisition temporal window their amplitudes and their temgbalistance are evaluated. These
two parameters are very important in order to study the cd@mce events due to radioactive
cascades.

Instability correction

The next First Level Analysis step is the gain instabilityreation. The OF amplitudes are corrected
to reduce or cancel the effects of system instabilitiesoesible for the variation of the ratio between
the energy E deposited into a given crystal and the amplitudéof the corresponding electrical
pulse. These variations induce a worsening of the detengrgg resolutions since signals referring
to the same energy released in the crystal lead to differeteictbr responses, thus broadening the
correspondent peak in the energy spectrum.
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According to equation (2.12) of our very naive detector nitiuere are three instabilities that can
modify the ratioA V/E (where V=\,*G is the output voltage given by the product of the bolometer
voltage V, and the electronics gain G):

e avariation in the electronic gain G;
e aVvariation in the bias ¥,;;
e avariation in the temperaturg, ©f the crystal.

The electronic system is designed to guarantee a stabfli and Vi,; within 0.1% . It is
however, much more difficult to maintain stability withinl® of the detector temperature on long
time scales. At a temperature of 10 mK this would require ta@mmg the temperature of all the
crystals to an accuracy of 2 K for a period of several days. Usually thermal instabititere
correlated with intrinsic instabilities of the cryogenigtsip, mainly due to variations of liquid bath
levels that determine small changes in the flow rate offftie —* He mixture in the refrigerator.
The problem can be minimized by directly stabilizing the maiyogenic parameters as much as
possible, but often this is a difficult task and not complesallving the problem.

To overcome this problem, and as already mentioned in pus\gections, a silicon resistor glued
to each crystal is used as a heater to produce a referenaeipule detector. It is connected to a
high precision programmable pulser that produces a fasig®elpulse every few minutes dissipating
the same amount of energy, () into the crystal each time. These voltage pulses mimicgsuls
produced in the crystal by particle interactions and are teeneasure the value of the ratloV/E.
Any variation of the amplitude of the reference pulse is duedriations of theAV/E ratio. The OF
amplitude of the reference pulse is therefore used to measwery few minutes, the actual value of
A V/E while the baseline of the reference pulse provides timeroporary measurement of the value
of T. Afitis then used to obtain the valuesAfV/E as a function of temperature. Therefore, in this
step of the off-line analysis, the OF amplitude of each pigserrected according to the given value
of A V/E(T][t]) for the detector temperature at which the pulss been generated. The effectiveness
of this technique has been proven in the MiDBD experimengnela typical temperature fluctuation
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over a day ranged from a few tenths4d00 K . After correction, these fluctuations were reduced
to less than 1 K [78] (see Fig. (3.11) and Fig. (3.12)).

Noise rejection

Pulse shape analysis is very useful in rejecting spuriausass produced by microphonics and elec-
tronic noise. A confidence level is determined for each pslspe parameter and for the rise and
decay time of each pulse. Signals falling within these wdky are defined as “true” (or physical)
pulses, while signals having one or more of their parametetside of the relevant interval are re-
jected as noise. While the efficiency in the identificatiortrak pulses is equal to one, not all the
spurious pulses are rejected by the use of one pulse shagagtar. The use of more than one pulse
shape parameter results in better reliability of the reggediechnique.

Linearization

The linearization of the detector response is criticallpartant for energy calibration. The final step
in data processing is the conversion of the OF amplitudesanergy values. The naive bolometer
model previously used assumes linearity; however, sepet@meters depend on the crystal tem-
perature, rendering the corresponding equation non#irsecordingly, the relation betweel V
and E is periodically obtained by the use of radioactivebtation sources (two simmetric point-
like sources of**U and*?Th in MiDBD and two wire sources df2Th in CUORICINO). Couples
of points(AV, E) are than measured for several gamma lines. The obtainadmat then be fit,
by means of a minimization procedure, to the thermal modalipusly described, but taking into
consideration the fact that the bolometer resistance andristal heat capacity are temperature de-
pendent. This will provide the calibration function of E afsiaction of AV, that will then be used to
convert the OF amplitudes into energy values. An alterediiyprocedure is based on a polynomial
or a power law fit. The latter was found to give the best resnlGUORICINO.

A problem we are always facing in linearizing the detectsponse concerns the alpha region
calibration. The use of®U and?32Th sources in fact limits the calibration points to valuesdo
than 2615 keV line of®®TI . The extrapolation to higher energies doesn’t give optilimearization
for the alpha lines observed in the background measuremehits implies further manipulation of
the collected background spectra in order to calibrate lipigaaregion by means of the alpha lines
due to natural radioactivity.

In the second RUN of CUORICINO a net®Co calibration source was introduced, in order to
have gamma lines up to 3.4 MeV.

Multiple events analysis

The analysis of the multiplicity of the events permits baihé¢ject events that left energy in more
than one single crystal (they should be very inlikely DBDevents) and to study the background
sources as it will be described in more details in chapter 5.

Events depositing their energy in more than one crystal eansially ascribed to high energy
gamma rays, whose probability of escaping the rest of treyafter the first interaction is small.
These high energy photons can derive from environmentabaativity or from contaminations
within the structure of the array. Also high and intermegliabhergy neutrons have a significant
probability of depositing energy in more than one crystahother source of multiple events can
be surface contaminations of the crystals and of the m#gatieectly facing the detectors. Alpha
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particles emitted near the material surfaces have in fact aeygligible probability of escaping and
they can consequently hint a nearby detector.

In the final stage of off-line analysis these coincidencents/ean be identified by analysing
the various registered pulse parameters, as detector musidpeal time, pulse energy, and pile-up
parameters. Signals occurring almost at the same time irotwoore faced detectors are in fact
evaluated as coincident. By analyzing the energy releasd¢de detectors and the number and
position of the hinted crystals is possible to try to find dwg source that originated such events.

While in MiDBD and CUORICINO only a little fraction of the dettor surfaces are faced to
other crystals, thus limiting the efficiency of the antiadence cut, the tightly closed structure of
CUORE will guarantee a stronger reduction of the background
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Chapter 4

Radioactivity sources for TeO, bolometric
experiments

Introduction

As it can be seen from eq. (1.57) the sensitivity of a DBD expent can be strongly limited by
the background counting rate in the region of interest. &t fasuch experiments, spurious counts
due to environmental radioactivity, cosmic rays, neutr@idorne activity (Rn) and intrinsic con-
tamination of the detector and of the experimental parts,ai@scure the signal counts of interest.
Background reduction is therefore a fundamental task te ¥awen performing a low counting rate
experiment, as the DBD experiments.

The background sources that need to be taken into accoubeadimided two main components:

e External sources:a not negligible contribution to the background can ariseifinteractions
due to particles originating from outside the detectorugetsuch as photons and neutrons
from the Gran Sasso rock or muons and muon induced partiéd®tons originate from
natural radioactivity of the rock, mainly consisting?fU , 232Th and*°K , while muons have
mainly a cosmogenic origin. Neutrons can both have a cosnogeigin or be produced by
(a,n) reactions occurring in the Gran Sasso rock. The flux aihoagenic muons and neutrons
is strongly reduced by the natural shielding provided by1@0 m of dolomitic rock (3500
mwe) of the Gran Sasso mountain.

e Internal sources: another important source of background arises from intriredioactive
contaminations of the materials used to build up the expartal setup. The omnipresence of
primordial radionuclides in ores and other raw materiagsiits in a wide range of contamina-
tion in the final product. With just few exceptions, the maidioimpurities are usuall’K ,
2Th and?*®U . The cosmogenic activation, produced by cosmic rays iétector materials
above ground (during fabrication and transportation)|9e a non negligible source of inter-
nal background. Another unavoidable background sourceameat neglect in performing
our DBD experiments with Te{detectors is the DBRv of the!*°Te occuring in the crystals
bulk.

In this chapter the main sources of background affectingémesitivity of a bolometric experiment
such as MiDBD, CUORICINO and the future CUORE will be illuetd.
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4.1 External background

The Gran Sasso rock constitutes at the same time a funddnsergkling for Cosmic Radiation
(CR) and a source of natural radioactivity.

4.1.1 Cosmic Rays

Primary cosmic ray particles (about@protons, 1% alpha particlesl % heavier nuclei with 4 < Z

< 26,1% high energy electrons, neutrons and neutrinos) hit théa eanhosphere at a rate of about
1000m 2571 [90]. Their interaction with atmospheric atoms generatiesge variety of elementary
particles, called secondary cosmic rays. These particeesnainly neutrons, electrons, neutrinos,
protons, muons, and pions. The total intensity of theserskntes reaches a maximum at about
13.7 km altitude and then falls off gradually with the streagdecline for the nucleons. At the sea
level the relative intensity of charged pions : protons cetens : neutrons : muons is about 1 : 13 :
240 : 480 : 1420 with 1.3410=°cm =25~ for charged pions [91, 92].

While electrons and protons are stopped by the Gran Sassetaioshield, muons and neutrons
fluxes are only attenuated. High energy neutrons are thea@daby a mean lenght of about 200
g - em 2 [93], mainly via inelastic scattering. Muons, on the othandi, loose their energy in
standard rock on a much longer scale (abatyg2m 2 near sea level) by ionization, pair production,
bremsstralung and nuclear interactions [94]. The intevaatf muons with the rock and with the
detector shields can produce tertiary neutrons via fissioogsses,d,n) reactions and negative
muon capture. Photonuclear reactions and photo fissiorabare virtual photons associated with
fast muons in high Z materials can also lead to neutron pitamlucThe depth of the LNGS (3500
mwe) reduces the muon flux down4e2 x 10~8cm~=2s~! with a mean energy of, = 200GeV
[95]. In the case of external neutrons (from the rocks, frasidin processes, fromn) reactions
from 238U and?*2Th contaminations of the rock itself, as well as neutronginéted by muons in
the walls of the underground site), the environmental meufiux has been measured in LNGS. The
result is of~1x10°% cm 2s! for the thermal component2x10¢ cm 2s! for the epithermal
and~2x10" cm 2s! for energies over 2.5 MeV ([96]) . They are fairly well modedh by the
polyethylene and eventually absorbed or captured.

4.1.2 Environmental radioactivity

Radionuclides in our environment are of three general types

e primordial: originated from the nucleosynthesis. Primordial raditipes have lifetimes as
long as the earth’s life4(5 x 10%y) and can belong to the natural decay chain¥4f , 22Th
(see Fig. (4.1) and Fig. (4.2)) adU or be single isotopes 44K and®'Rb.

e cosmogenicthis radioactivity source is induced by the interactionled CR with terrestrial
atmosphere and matter. Examples of cosmogenic isotopébl aned*C.

e antropogenic:originated from man nuclear activities.

Of all the known isotopes only a few are stable and can beguas A (mass number) vs. Z
(number of protons) as shown in Fig. (4.3). All the unstabt#opes go through nuclear decays in
order to reach a more stable configuration. There are thrée cegay channels: alpha, beta and
gamma decay.
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Figure 4.1: 238U chain.

Alpha decay

Many heavy nuclei are energetically unstable against tbatgpeous emission of an alpha patrticle:
(A, Z) 5 (A—4,Z-2)+a (4.1)

The alpha particles appear in one or more energy groups v@nécimonoenergetic. For each distinct
transition between initial and final nucleus a fixed enerdfedince or Q-value characterizes the
decay. This energy is shared between the alpha particlehenduiclear recoil in a unique way, so
that each alpha particle appears with the same energy go@nxmatively byQ(A — 4)/A. Most
alpha particle energies are in the range 4 and 6 MeV.

Alpha patrticles and the corresponding nuclear recoilsdargergy rapidly in materials and stop
in few microns. If the decaying nucleus is on a very thin layear the surface of the material, the
alpha particle (or the corresponding nuclear recoil) caerbéted from the surface and hit a faced
material, with a continuum energy spectrum that extendsndimMow energies. For this reason
surface contaminations of the materials facing a bolomegtector can be a very dangerous source
of background.

Beta decay

The beta decay can be of two different types depending ondbiéign of the unstable nucleus with
respect to the stability plot (Fig. (4.3) )

B~ decay A nucleus laying above the curve of Fig. (4.3) likely decagmsforming a neutron in a
proton and consequently emitting an electron and an arttineu

(A, 2) = (A, Z+1)+e +7, 4.2)
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Figure 4.2: 232Th chain.

The Q-value of the reaction, correspondent to the masgeéiifée between the parent and the daugh-
ter atoms, is converted in neutrino and electron kinetieggnel' he electron energy spectrum corre-
sponds therefore to a continuous plot, that can vary frora ethe Q-value. Since the end-point
corresponds to the Q-value but the neutrino mass, the megasnt of beta decays can give infor-
mations about the neutrino mass (see chapter 1).

Bt decay A nucleus laying below the curve of Fig. (4.3) likely decasansforming a proton in a
neutron and consequently emitting an positron and a neutrin
(A, Z) =5 (A, Z—=1)+ et + v, (4.3)

The emitted positrons usually lose their energy very rapidithe material and at the end of their
path recombine with an electron then giving rise to a coupfla keV photons, emitted in opposite
directions.

Electron capture A nucleus with a proton excess can reach the stability caqgan electron from
an internal shell, thus converting a proton in a neutron:
(A4,Z2)+e = (A, Z-1)+ 70 (4.4)

All of the energy is practically carried out by the neutrino.

Gamma decay

Gamma radiation is emitted by excited nuclei in their traosito lower-lying nuclear levels. This
can happen for instance when beta or alpha decays occur necegtates of a nucleus:

(A, Z2) = (A, Z) +~ (4.5)
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Figure 4.3:Plot of the stable isotopes

The energy of the generated photons varies in the range 50:k8\WeV, the maximum energy
associated to a natural gamma ray being 2615 keV foP%d decay. There exists also higher
energy gamma emissions, as for instance the line at 3.2 Me¥4Bi, but their branching ratio
is negligible. While the beta decay is a relatively slow @& nuclear disexcitations occur with
times of the order of psec. Therefore gamma rays are chawaeby the lifetime of the parent
nucleus and by the level structure of the daughter. Nucledes have very precise energies (i.e.
their intrinsic width is very small) therefore gamma rays aronoenergetic particles, with a spectral
line very narrow as respect to the usual experimental réealu

Nuclear excited states can decay to the ground state alsbesiemission of an electron, likely
from the K shell. The vacancy created by the emission of thtisrnal electron is then filled by
external electrons with a consequent emission of X rays gefAelectrons.

The field of gamma radiation against which we have to shielddetectors is almost exclusively
constituted by photons from the uranium and thorium semnes'® decay. The measured compo-
nents of the gamma ray flux from natural radioactivity in tié@S laboratory [95] are presented in
Tab. (4.1)

Isotope Energy [keV] Fluxih=2d=1]
40K 1460 3.8¢107
214pp 295.2 0.&10"
2ipp 352 1.&107
214;j 609.3 2.9<107
214Bj 1120.3 1.4<107
214Bj 1764.5 1.%107
208 2614.5 1.35%107

Table 4.1:Measured gamma ray flux in the LNGS [95]

These radioactivity levels, measured in the LNGS enviramnaerive from the natural activity

of the rocks and of the concrete, that is estimated to be:
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<5.1Bgkg ! for%K
<0.25 Bg-kg ! for2Bi
<5.1Bgkg™! for 23U

Secular equilibrium in the decay series (activity of all teughter nuclides equal to the activity
of the chain parent) is rarely met in most surface and nedasigeological environments, since
nuclides of the chain are subject to migration due to eithsrsygal or chemical processes [97].
In particular radon, an inert gas that is an intermediate besrof all three decay series, may es-
cape from the rock and diffuse in the interstitial air or ie ttnderground water. Its longer living
progeny?'°Pb is readily attached to aerosols and finally deposited erstinface by washout and
by dry deposition. Surfac&’Pb contaminations, accumulated over relatively long pisionay
disturb experiments sensitive to alpha particles, as thedetectors. For this reason all the mount-
ing procedures of MiDBD and CUORICICINO detectors have beeriormed in clean rooms and
the detectors have always been kept in a nitrogen flushedsptrece. The presence of radon in
the experimental environment must be avoided also for thengrays originated by its progenies
decays. The last gamma active nucleus?®Rn chain is*'*Bi (neglecting the 0.10% abundance
of the 803.3 keV line of®Pb). The gamma activity of the radon family dies conseqyemit with
a half life of 26.8 min {'*Pb). The best protection of a detection system against redlosists thus
in maintaining the experimental setup in a small overpnesetia radioclean gas (i.e. Na) environ-
ment. In the Gran Sasso underground Laboratory the measaded activity is of about 30 Bg/in
[98]. MiDBD and CUORICINO are therefore hosted in a plexggdox, where evaporated nitrogen
is fluxed to avoid the influx of radon.

4.2 Internal background

Bolometric experiments, as already underlined, are detesensitive in the whole volume and to
any kind of energy deposition. This means that both gamnmsaagl heavy particles (as for instance
alphas or nuclear recoils) generate a background signatimglishable from the searched electron
signal of the DBMv decay. The materials used to build up a DBD experiment mesefore be
severely checked for their contamination levels. The ractigity arising from them is in fact a
dangerous source of background, limiting in an unrecovenrahy the sensitivity of the experiment.

In this section we are going to illustrate the main backgebsources for the experiments with
TeO, bolometers performed by the Milano group, and on which thésis work has been devel-
oped. The possible radioactive sources have to be looked fbe various components of the setup
described in chapter 3.

Lead shields A very limited number of materials are suited for the reduttof environmental
gamma rays. ldeally, the material should have high atomicbar and low intrinsic activity. Lead
is a good shielding material, due to its high atomic numbdrraasonable cost and mechanical prop-
erties. Further advantages are: low neutron cross sectoba &avorable low interaction probability
with cosmic rays, including the production of radionuctidsy activation. Unfortunately its intrinsic
radioactivity is mostly not negligible.

The nature and origin of lead contaminations has been stijienany authors [99] [103]. The
consistent overall result is that orflyy Pb with its daughter nuclidé$’Bi and?!°Po is responsible for
the intrinsic radioactivity of lead. The very soft beta @&nd 63 keV) and gamma (46.5 keV) radia-
tion of 21°Pb hardly escapes self absorption, but energetic beta f&y8binduced bremsstrahlung
can give rise to a continuum up to 1.16 MeV.
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238U 226 Ra 214 Bi 232Th 228AC 208T| 40K

Au wires <0.99 <1.58 <.34 <0.33 <.29 <.37 Q3.2

Cu screws <18.4 <11.0 <7.3 <13.6 <14.0 <14.0 18.3
TeO, 11.5+1.7 30.5+4.6 1.A40.2 3.405 24036 1.40.2 6.6:0.9

tin 42.3+6.1 45.1H6.2 39.0:5.8 18.4:2.7 18.4£2.7 18.4:2.7 <65

gold wires <340 <1580 <340 <290 <290 <370 1300(?)
Epoxy <8.2 <8.2 <6.8 <2.7 <2.7 <6 <47

Table 4.2:Radioactive contamination measurements for CUORICINGerizds. All values are in mBg/kg.

Today certified lead with specifit’Pb activities of less than 100 Baq~!, 50 Bgkg—tand 5
Bg-kg lis commercially available. An alternative is old lead proeld several half-lives of'°Pb
ago. An exceptionally large load of antique Roman lead wasadiered in 1991 [104]. Its specific
activity in 2!°Pb was measured by the Milano group with a bolometric tealei@nd found to be
less than 4 mBdtg~—![105]. This is the lowest'°Pb contamination in lead ever reported.

Since lead with low?!°Pb concentration is normally more expensive, a shell-lixestruction
with decreasing'°Pb content towards the detector would be more economic. #&ithed in chapter
3 the MiDBD and CUORICINO experiments (and also the futureGRIE) are provided with two
external, 10 cm thick, lead layers, the most external madedoymercial lead with and activity
of 150 Bgkg! and the most internal by a special lead with a contaminatich®Pb of 16+ 4
Bg-kg!. Inside the cryostat, roman lead shields with an activiég lilnan 4 mBdg * are placed.

A part from2!°Pb and its progenies, no U and Th contaminations have beel fen far for
commercial lead. The most relevant upper limits measuredt®a and?*Tl are 0.25 and 0.29
[106] or 0.33 and 0.67 mBkg~! [107]. A “°K contamination of about 0.3 mBkg~—! was measured
by neutron activation analysis in the in commercial Johrn&gdvatthely lead. For the Roman lead
used in MiDBD and CUORICINO limits of 10pBg-kg~!, 1851:Bg-kg—! and 1.3 mBekg~! have
been measured respectively #6tTh , 28U and“’K contaminations.

Cryostat The3He/*He dilution refrigerator is a non negligible source of ramtitivity. It is mainly
constituted by copper and steel components. The radidgctivising from the dilution unit parts
in MiDBD and CUORICINO is reduced by means of 10 cm of Romarl lpkaced just above the
detector tower. In CUORE the amount of lead shield aboveaWwert will be increased as described
in section (3.5.2). The Cu thermal shields surrounding thayaare a more dangerous source of
radioactivity since the # roman lead shield around the detector is thin (1 cm in MiDBanH
CUORICINO and 3 cm in MiDBD-Il and CUORE).

For what concerns Cu, there are indications that very lovitdifior the bulk contaminations of
the U and Th chains can be reached in specially selected grods. This low activity copper,
with measured limits of 20Bq/Kg for 22Th and?*®*U and of 80.:Bq/Kg for “°K , was used in
CUORICINO for the mounting structure of the detectors. Agarels the other copper parts of the
CUORICINO setup, as for instance the copper shields, a nuofb®amples have been measured
and it was found that the Oxigen Free High Conductivity Cuefirdtely better than the standard
electrolytic Cu. The measured limits for this copper areuatb100 mBekg ! for 238U and?32Th
and 20 mBekg ! for 4K .

Mounting structure  The mounting structure of MiDBD, CUORICINO and CUORE, asatidsed
in section (3.4.2) and (3.4.3), consists in copper, PTFE@ard smaller masses as epoxy glue, gold
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signal wires, electrical pins, thermistors and heaters.

The radioactive contamination of this components conteibto the measured background both
with gamma and alpha interactions. The alpha particlestedhih the decay of a nucleus on the
surface of a material faced to the crystals can in fact relaetdetector. The energy of the particle
will be lost along all the travel from the decay point to theaedtor and will generate therefore a
continuous background that ranges from zero to the alplah ¢oergy. Another important source
of radioactivity for the detector components derives frayamogenic activation. The most danger-
ous activated isotope $8Co, whose activity is characterized by a beta decay via thiestom of a
cascade of two gamma rays with energies of 1173 and 1333 k&décavely. The production of
this isotope is particularly dangerous in copper which Wiéle to be stored underground immedi-
ately after production. From these considerations it'y éasinderstand that both bulk and surface
contaminations of the materials faced to the detectors brisarefully maintained under control.

The frames hanging the crystals of CUORICINO are made wiHdtv activity copper quoted
above, whose measured limits for bulk contamination ardotia20.:Bq/kg for*®U and*?Th and
81 1:Bg/kg for“°K . Direct measurements for the copper surface contamimatice under progress
with the ICPMS technique.

Another important material in the detector structure is BTFhe spacers holding the detector in
the right position are made with this material and theretbeeradioactive contaminations of PTFE
can be very dangerous for the background level of the detdéto organic materials there are two
different problems: first it is necessary to have very lovels\of intrinsic radioactivity, second it is
crucial to control the exposure of these materials to ailo@tive pollution (typically Radon). In
general the radioactivity of organic compounds like PTFEION etc can be very low, as demon-
strated by the Borexino collaboration [108]. Concerning diffusion of Radon it is necessary to
maintain the selected materials in a very clean environraedi to minimize the possible radioac-
tive contamination present in the volume next to the surfdeexternal part must be mechanically
removed before the realization of the spacers.

The other materials involved in the detector constructi@characterized by very small masses.
Also in this case however, a good radiopurity level is reggiin order to avoid any possible danger-
ous contribution to the background level. In that senseséhection of the epoxy glue (connection
between chips and crystals), of the gold signals wires {{@eat connections), of the electrical pins,
etc. must be carefully controlled. The indications obtdifrem our previous tests, show very good
levels for epoxies while are non conclusive for gold wired pms (Tab. 4.2). All these components
will be measured again to improve their contamination lnélternative approaches (e.g. neutron
activation) will also be considered.

Crystals The TeQ absorbers constitute themself a source of background. diti@a to the un-
avoidable background due to the DBDof 13°Te , also volume bulk and surface radioactive con-
taminations of the crystals must be taken into account. & bestamination sources must be known
and reduced as possible to avoid dangerous contributichg tmeasured background.

TeG, is a molecule composed of only two atomic species: Te and ©fifigt material to be cho-
sen is obviously Te. The analyzed metallic Te for the CUORIQIproduction showed limits below
the sensitivity of the HPGe detectors installed at LNGS iafpam the well known contamination
in 21°Pb ). TeQ powders were also measured at the LNGS low activity undargtdaboratory.
Contamination values are reported in Tab. (4.2). The prsef?'°Po can be ascribed either to a
genuine?'°Po contamination or t&'°Pb . A critical point is the large quantity of water (few liser
per kg) used to “clean” the Te(powder just after their production and before the growtltpdure.
This operation can be of course very dangerous because pbfiséble presence of radioactive con-
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238 chain 232Th chain
234 Pa 226 Ra 214 Pb 214 Bl 228AC 212 Pb 212 Bl 208T|
Al,O3-l 38 | 248 | 11.7 | 8.2 6.4 572 4.6 3.2
CeQ, 14.3| <4 0.8 0.6 44 82 63 50
AlL,Os3-7p | <34 | 11.8 2.2 2.5 2.3 2.3
Al,O3-.7p | <60 | 14.7 1.6 3.2 1.6 1.7

Table 4.3:Contamination levels measured for the powders used in MiDB&,O3-1, CeG;), in MiDBD-II
(AlyO3-7u, Al,O3-.7) and in CUORICINO (AlO5-7u) for the crystal surface treatment.

taminations in the water that can be transferred to the powide impact of these contaminations
could explain the higher contamination observed in the,Tp@vders with respect to the starting
Te metal. The growing procedure usually reduces the conttion levels of the final crystal with
respect to the bare material. However it is usually difficalguantify the actual reduction in the
produced crystals.

The grown crystals must be stored underground as soon a#leods avoid a long period
of exposure to CR. The radionuclei produced by the actimadiotellurium are mostly tellurium
isotopes (A=121,123,125,127) as well'd5Sb, 12°Sh, °Co and tritium, these last three being of
more concern because of their long half-lif& Sb: beta decay of 2.7 years, end-point energy of 767
keV, 6°Co: beta decay of 5.27 years end-point energy 2823 ke\PHntheta decay of 12.3 years,
end-point energy of 18 keV).

The last critical point in the preparation of the crystalthis surface treatment made in order to
assure a good contact between crystals and semiconduigsi(ttfermistors and silicon resistances).
The crystals used in MiDBD-I, once grown and cut, were p@dim two steps: in the first step
alumina powder (AIO3;) have been used, in the second step the crystals have basheglolith
Ce(,. Thanks to this second step a better optical quality of thiéase is obtained. Samples of
powders used by the Shanghai Institute of Ceramics (SICCABIch has produced the crystals,
were requested and analyzed by means of Ge spectroscopyobtdiaed results are reported in
Tab. (4.3) and show rather large contaminations, that doeileesponsible of surface contaminations
of the crystals.

The data obtained with MiDBD showed that a relevant contrdsuto the background in the
double beta decay region could be identified with the preserficsurface contaminations on the
crystals. In MiDBD-II the 3<3x 6 cn? crystals have been therefore treated, in order to remowe fro
the surfaces a thin layer of Tg@aterial. This operation was realized in a clean room at LMGS
powders that were previously tested as having low radia@gctevels. The lapping procedure was
divided in two steps: during the first step about4® ;m was removed using /Z/m AlO, powders
with low contamination levels. During the second step anoalnoptical finishing of the surface
was achieved using a 0 AlO, powder, that showed a radioactive contamination few orders
magnitude lower with respect to the powders used in MiDBDaly 4.3).

The crystals used in CUORICINO have been required to themactfter only a first polishing
step, performed with a Zm specially selected AD; powder (Tab. 4.3), that was also used for a
second polishing step performed in Como by people of the CE©&tlaboration.

Alternative approaches are in principle possible (e.gfaseracid attack, ion beam sputtering,
etc.); the careful test of these methodologies and the dprrednt of powerful diagnostic techniques
will be considered in the early CUORE R&D phase.
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Chapter 5

Background analysis method

Introduction

The disentangling of the background sources of a DBD exparinis fundamental to improve its
sensitivity. MiDBD was a first and important step from whick t¥egun to systematically study the
radioactive contaminations of our setup dangerous for tBB Pesearch. Thanks to sophisticated
analysis procedures and with the support of Montecarlo lsitimuns we have developed a powerful
method to investigate the radioactive sources responsilthee measured background.

Since that an intense&D activity both in material selection and surface cleaniracpdure op-
timization has been carried out. A second run of the MiDBDegkpent and the following CUORI-
CINO have been built up taking advantage of these results.

The analysis of the new collected background measuremantgige us important indications
to understand if the in order to make CUORE a competitive exgnt in the search of DBQ.

A detailed description of the developed analysis methothbeilgiven in this chapter.

5.1 Background spectra

In MiDBD and CUORICINO the data are collected by means of spartial measurements (one or
two days) that are successively summed and analyzed. Oafiestievel analysis is performed (see
section (3.7)) the stabilized and linearized n-uple candaelio generate single channel spectra and
to perform a coincidence analysis. The multiplicity paréenéhat characterizes every single event
(see section 3.7) is in fact very useful to identify the arigf a detected pulse:

e Events with multiplicity larger than Zre more likely due to Compton scattering gammas
originating from the environmental radioactivity or froimet experimental structure contam-
inations. Also high and intermediate energy neutrons cgosieenergy in more than one
detector.

e Doublesare events that deposit their energy in only two crystalsra&tfon of these signals
can be originated by gamma rays that stop after the interaetith the second detector or that
escape from it and interact with the detector mounting stinec In addition also the fraction
of alpha decays occurring on a crystal surface faced to anotkistal can give a 2 multiplicity
event.

A typical coincidence plot (scatter plot) is shown in Fig.1)6 This kind of plot is obtained
guoting on one axis the energy released by the detected ieven¢ crystal, and on the other
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Figure 5.1: Scatter plot of coincident events between all possible NDRBtector pairs.

axis the corresponding energy released in a faced cryste.s€&lection of all the coincident
events detected in all the crystals originates such a ploaight lines with a negative slope
equal to -1 are clearly visible in this plot, as expected fanachromatic events with multi-
plicity 2. These lines are easily described by the equalignt+ Ez = Eyans.-

e Single site eventsorrespond to events originated and absorbed by the criyst (like a
bulk alpha decay or a DBD decay), but can also arise from glphticles generated by decays
occurring on the surface of an inert material, that hintscenfacrystal or from alpha decays,
occurring on a crystal surface, whose escaping produciste@bed by inert materials. Also
gamma rays completely absorbed by a detector or escapimgfi@detector active mass after
one interaction originate anticoincidence events.

The analysis of scatter plots, coincidence and anticogmd spectra is the first and fundamental
step to disentangle the different background sources.

5.2 Montecarlo simulations

Many processes, real physical processes or imaginary @aespe idealized as a sequence of
choices. If it is possible to approximate each choice by sprbability function, then one can
establish a model which simulate the process. The most comsnitie Montecarlo method. Ac-
cording to this model many events are generated, each esigf the result of a particular sequence
of choices. These events are then counted, classified amidbalisd according to criteria as if they
were real events. One can then make comparison with exigt@igdata, or predictions of what
should be the outcome of a given real experiment, providatttie established model simulates
nature sufficiently well.

In this PHD thesis work the Montecarlo method has been usgelterate events of known origin
(a chosen radioactive contamination with a chosen lodadizan the experimental apparatus), in
order to study the origin of the background measured in olorbetric experiments, by comparing
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these simulated events with the measured data. A code bagkd Geant4 package was developed
for this purpose.

5.2.1 MonteCarlo method

The type of choice of a variable in the Montecarlo method iarmdom choice, according to the
chosen probability function of that variable. Although febability function may be modified or
parameterized by previous choices, the value of the variahlst not be predictable a priori. To
satisfy this characteristic the probability interval isygoared with a uniform random number distri-
bution. It is assumed that we have available a source varRbWhich generates random numbers
{r}, uniformly distributed over a unit interval, i.e.

PriIR<r]=r , 0<r<1. (5.1)

We require to generate values {x} of a random variable X witleg cumulative distribution F(x),
i.e.

PriX<z|]=F(x) , 0<F<I1. (5.2)
and a probability density distributiofi(z) = F'(x) (for differentiable F(x)). If we now consider
a transformation from r to x, r=h(x), with h monotonicallycheasing, and in particular we choose
h(x)=F(x) i.e.

r=F(x) (5.3)
or equivalently, for invertible F(x),
r=F"'(r) (5.4)

we can make a sampling of the random variable x, distributedraling to (5.2), by simply making
a uniform sampling of the random variable r in the interval[&nd then evaluating x from eq. (5.4).

5.2.2 The Geant4 package

Geant4 [110] is one of the first successful attempt to regteai a big package of High Energy
Physics (HEP) software for the next generation experimesitegy an Object-Oriented environment.
A variety of requirements also came from heavy ion physid3, Wlation physics, cosmic ray
physics, astrophysics, space science and medical appficat

Geant4 has many types of geometrical descriptions, in dodeave the flexibility to simulate
the most complicated and realistic geometries. Everysrapen to the user:

e Choice of physics processes/models;
e Choice of GUI/Visualization/persistency/histogrammiaghnologies
In Geant4 a large variety of physics processes are covered:

e Standard EM processes;

Low energy EM processes;

Hadronic processes;

Photon/lepton-hadron processes;

Optical photon processes;
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(a) (b)

Figure 5.2: Simulated detector arrays for MiDBD-I (a), MiDBD-II (b) ar@UORICINO(c).

e Decay processes;
e Shower parameterization;
e Event biasing technique.

The package provides sets of alternative physics modekhasahe user can freely choose appro-
priate models according to the type of needed application.

Thanks to its geometrical and physical variety and flexipilbeant4 is not only for HEP but
goes well beyond that. It has been found to be very usefulfafdhe simulation of the physics and
the geometry of DBD bolometric experiments, that belondheofield of low energy physics.

5.3 Simulated geometries

The Geant4 package has been used to write a C++ code, abieulats the entire structure of the
experiments MiDBD-I, MiDBD-II, CUORICINO and CUORE. The parimental elements included
in the code are:

e Borated PET shield (in MiDBD-II, CUORICINO and CUORE);

External lead shield;

The entire set of copper thermal shields of the cryostat (iNBaith, Outer Vacuum Chamber,
radiation, Inner Vacuum Chamber, 600 mK, 50 mK shields);

Roman lead internal shields;

Copper plates entirely surrounding the detector tower f@oBox);

Copper bars that hold the copper structure;
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Figure 5.3: Details of the simulated 4 crystal module (left) and of they&tal module (right) of CUORI-

(a) (b)

Figure 5.4: Cubical (a) and cylindrical (b) structures for the CUORE ayr

e Copper frames that host the crystals;
e Te(, crystals;

e All the small parts as Cu screws, Cu pins, Teflon parts, NTDntinstors, gold wires.

In Fig. (5.2) the three different tower array for MiDBD-I (a@/liDBD-I1I (b) and CUORICINO
(c) are shown. In Fig. (5.3) details of the 4 crystal moduddtland of the 9 crystal module (right)
of CUORICINO are illustrated. The crystals, the copper mmdstructure, the copper screws, the
NTD thermistors and the gold wires can be seen. For the CUGREctbr both cubical and cylin-
drical arrays have been simulated (see Fig. (5.4)), in ai@@&hose the best structure in term of
anticoincidence background reduction.

5.4 Simulated contaminations

As previously quoted the Geant4 package can account fogea lariety of decay processes (alpha,
gamma, beta, X decays, Internal Conversions, Electronu@agtetc.) and particle propagations

60



(Nuclear recoils, electron, gamma, heavy hadrons promaggatetc.). As illustrated in chapter (4)
the main sources for the background observed in our expetinage due to external gammas, neu-
trons and muons and to internal contaminations of the exyatal setup. The main contributions
from internal radioactivity arise frorff8U , 222Th chains, usually in secular equilibrium, and from
single isotopes as for instané€Pb ,*°K and%Co. Also the unavoidable contribution due to the
DBD2v of 13°Te must be taken into account.

For radioactive chains or radioactive isotopes, alpha &et gamma/X ray emission need there-
fore to be simulated, according to their branching ratiastaking into account the time structure of
the decay chains. This is obtained by means of the gendedtbilg that generates the processes
occurring in a given decay with the correct time structure @ne proper branching ratios.

With this tool we can use the Geant4 based code to simulaydeocesses occurring in the
bulk and on the surfaces of the various parts of the simulatedrimental setup, in order to disen-
tangle the sources responsible of measured backgroundmyacing the simulated data with the
experimental ones. The main information we want to extraiechre:

e the localization of the contaminations actually domingtine measured background;

the origin of the different contributions in the DBD region;

the radioactive contamination level of the materials usealir experiments;

the value of the background in the DBD region expected for RE@vhen using for its com-
putation the level of purity of the materials presently at disposal;

On the bases of the obtained results we can find out the battgtrto be adopted in the R&D that
must be performed for CUORE (material selection, surfaearthg, etc.). A program of measure-
ments of determine the contamination level of the mateawdslable for the construction of CUORE
is necessary. The most appropriate and feasible techroquake the measurement of bulk contam-
inations is with underground germanium detectors, whiclcaue access at the LNGS. As regards
surfface contamination measurements the best and mong\getechnique found so far is ICPMS,
provided by a facility located at the Ispra laboratories.

All these informations can be obtained by the comparisowéen experimental and simulated
data. The Montecarlo code is in fact used to simulate themifft background sources:

e LNGS environmental radioactivity;

e experimental setup radioactivity.

5.4.1 Environmental radioactivity

To take into account the sources due to environmental refiMitt we have simulated:

e high energy gamma rays from thorium and uranium chains tmifodistributed on a spherical
surface surrounding the whole experimental volume and dattay rates normalized to the
fluxes measured in the LNGS environment;

e neutrons with energies in the rangei®° meV have been isotropically generated from out-
side the most external shield (external lead shield for MiBIBand Borated PET shield for
MiDD-II and CUORICINO) with decay rates normalized to thexids measured in the LNGS
environment;
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Figure 5.5: Comparison betweetK bulk contaminations in the crystals (green) and in the @ppox
(blue) bulk.

e muons: a dedicated study based on the FLUKA package has leeeloged by our collab-
orators of the Saragoza University on the neutron prodadiyomuons in the external lead
shielding of CUORICINO and CUORE. In a second step the spettbtained for the neu-
trons produced by muon interactions in the lead shieldinfi$e considered as a new source
of radioactivity for the experiment and will be used as aruirfpr the Geant4 code to evaluate
the contribution to the background arising from muon indleeutrons.

5.4.2 Experimental setup radioactivity

We have simulated three different kind of sources for théwadivity originated by contaminations
of the experimental setup: bulk, surface and cosmogeni@aotnations.

Bulk contaminations

Bulk contaminations of®®U , 232Th , 21°Pp ,40K have been simulated in almost all the experimen-
tal elements. The shape of the energy spectrum generategdntieular contamination can vary
considerably depending on the localization. In Fig. (3h&)¢tomparison between the energy spectra
summed over all the detectors f§K contaminations in the crystals and in the copper box is show
Normalizing the two spectra on the&K line at 1460 keV, the continuum for bulk contaminations in
the crystals is considerably higher than the continuum émtaminations in the copper box. This
is due to the contribution from the electrons of the beta geitet in the second case loose their
energy before reaching the detectors.

If we compare the spectra due to contamination$*dfl or 222Th in the bulk of the different
copper shields (see Fig. (5.6) ), we can notice that theivelattensity of the gamma lines belong-
ing to a specific radioactive chain changes from one spedinanother, and in particular that more
is external the contaminated element and less the low emgngyna lines are visible in the spec-
trum. This happens because the low energy gamma rays dedifram objects far away from the
detectors don’t have enough energy to reach them. The meséhow energy gamma lines in the
background spectrum can therefore be ascribed to contéionsaf elements located near to the
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Figure 5.6: Comparison betweef??Th bulk contaminations in the copper box (green), in the 660 m
copper shield (blue): gamma region (left); low energy reg{aght).

Al

N\

|
V‘\ 10

T T T T AR L R R RN Rl R R RN R RNl R LN RN RN R RN LR LA R R RN R AR RN AR
3200 3600 4000 4400 4800 5200 5600 4000 6400 3200 3600 4000 4400 4800 5200 5600 4000 6400 6800

Energy [KeV] Energy [KeV]

Figure 5.7:Left: comparison betweettU 1 n depth surface contaminations in the crystals for different
density profiles: uniform in Lym depth (green), on a thin surface located gt depth (blue), exponential
density with attenuation lenght adn depth (red). Right: Comparison betwe@fU surface contaminations
in the crystals for different depthsy(red), 3« (blue), S (green).

crystals (bulk or surface contaminations).

Bulk contaminations of all the copper parts of the mountitrgcdures (copper box and cop-
per bars) produce similar spectral shapes. For this redmonptectra relative to the Cu Box bulk
contaminations have been considered representative dowltole mounting structure, subject to
normalization to the total mass.

The unavoidable background due to the DBf 3°Te in the crystals bulk has also been sim-
ulated, using the present upper limits.

Surface contaminations

Surface contaminations contribute to background in a rieatde way only when they are localized
on the crystal or on the experimental elements directlynfathem. Contaminations on surfaces not
faced to the detectors give rise in fact to a contribution@@us and indistinguishable from the
corresponding bulk contaminations. For this reason coim@ions on these surfaces have not been
considered for our simulations.

63



As for the bulk case we have simulated contamination®%& , 232Th and?!°Pb and‘°K. In
addition we have also considered the possibility of secdailibrium break in thé34U chain.

Crystal surface contaminations The shape of Montecarlo spectra and scatter plots obtaored f
contaminations simulated on the crystal surfaces strotgbends on the depth and on the density
profile chosen for the simulation. Depths ranging from @i to 10um for three different density
profiles have been considered:

e uniform contamination within a surface layer of chosenkhiss;

e uniform contamination on a surface located inside the rni@tat chosen depth from the
boundary;

e exponential density profile with a chosen decay lenght.

In Fig. (5.7 left) the comparison between the spectra obthfor simulations with the three consid-
ered density profiles for contamination 6fU on the crystal surface at a depth qfrh is shown.
As it can be seen from this plot for the second kind of dengibfile a sharper shape of the peaks
is obtained. This is due to the fact that for contaminatiasibuted on a surface located inside the
material the probability that the nuclear recoil escapesifthe crystal is lower than for contamina-
tions distributed nearby the surface boundaries.

In Fig. (5.7 right) the comparison between the spectra dé&tbsurface contamination at three
different depths (1,3 and /&m) for a exponential density profile is shown. The peaks spoading
to the full transition energy of the alpha decays for{{& chain are clearly visible. As it can be seen
from this plot, the shape of the peaks strongly depends oagkemed depth: for contaminations
distributed in a very thin surface layer a structure simitaa second peak appears on the left of
the main peak, due to the escape of the nuclear recoil fronerifstal surface. More deep is the
contamination and more smooth and weak becomes this seeakd p

As it is shown in Fig. (5.8) also the scatter plot varies cdesbly depending on the contam-
ination depth. For depths of the order of Quih (Fig. 5.8(left)) the events on the scatter plot are
more concentrated near the borders. This picture correlsporalpha decays so near to the crystal
surface that the emitted alpha particle completely rekeé@seenergy in the faced crystal. At the
same time the corresponding nuclear recoil is scatterekl fad absorbed in the original crystal.
The situation in which the nuclear recoil escapes and theagharticle is scattered back is also pos-
sible. The scatter plot shown in Fig. (5.8)(right) corresg®to crystal surface contaminations with
a depth of Sum. In this case the alpha particle (or the nuclear recoilyésqart of its energy in the
original crystal, this generating a more uniform distribatof the detected event on a straight line
corresponding t&, + Eg = Q.

Copper surface contaminations Surface contaminations of the copper?#U , 232Th , 21°Pb ,
10K are assumed. Also in this case the possibility of seculailiegium breaks in the**U chain is
taken into account.

As it was done for the crystals, also for the copper elemeptbave considered different con-
tamination density profiles and contamination depths. Thape of the simulated spectra varies
considerably depending on these parameters. In Fig. [&)he comparison between the spectra
obtained for*®U contaminations of the copper box surfaces atn® 1um and %:m depth is shown.

For contaminations at depths less thapni the alpha particle can escape from the copper surface
and hits the detector. Structures at the energy of the alphale emitted in each alpha decay of
the 238U chain are clearly visible (“external peaks”). These pedtks't have a gaussian symmetric
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Figure 5.9:Comparison between the spectra obtained’f8t (left) and*°K (right) contaminations of the
copper box surface at 02m (green), Lm (blue) and pm (red) depth.

shape, but show an apparent energy tail, extending to lovgeseand due to the energy lost by the
particle before reaching the detector. For deeper containims the probability that the alpha par-
ticle reaches the detector with the full energy decreasgsqreckly and for contaminations deeper
than 5um the generated spectrum above 3 MeV is a continuum.

The observation of the “external peaks” in the backgrouretspm would be an indication of
contaminations of the copper surfaces, distributed overathin layer. On the contrary the lack of
these peaks would indicate a deeper contamination. A reabbrieature of the spectra originated
by copper surface contaminations is the high contributiathé continuum between 3 and 4 MeV.

10K contaminations of the copper box surfaces on the other liamd seem to vary in an
appreciable way with respect to the chosen contaminatipthdsee Fig. (5.9)right).

An exponential density profile was chosen for both crystats @pper surface contaminations.
This choice is based on the consideration that the mostalataposition of impurities on surfaces
should follow this density profile.
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Figure 5.10: Left: Montecarlo spectrum fdt?Co contamination in the crystals bulk. Right: compar ison
between Montecarlo spectra ftCo contaminations in the copper box (red) and in the 50mKlgiftdue)
bulk.

Cosmogenic contaminations

Cosmogenic activation of tellurium and copper has beentalsen into account for our simulation
of the background sources.

In order to evaluate the type and the amount of radio-nuctedyced by cosmic ray activation
of tellurium and copper above ground we have used a code (CQ3Msed on computed cross
sections [109].

As said in section (4.2) the radio-nuclei produced by cosiays in tellurium are mostly tel-
lurium isotopes (A=121,123,125,127) as well'%sSb, ?°Sh,%°Co and tritium, the last three being
of more concern because of their long half-liféCo is the most dangerous activated radionuclide
with respect to the DBDv research, for the high Q-value of its beta decay (2823keV)k B'Co
contaminations of the crystals have therefore been tak@wuséy into account. A typical spectrum
for this contamination is shown in Fig. 5.10 (left). The bd&cay of*°Co can occur on excited
levels with the emission of two gamma rays of 1173 keV and 182 energy respectively. The
probability of single escape of these gamma rays is resplentir the two beta decay shapes visi-
ble in the spectrum with endpoints at 1650.9 keV and 1491\Orkepectively. The double gamma
escape is also possible but it is out of the range of the shdwin p

Also in the case of copper the most dangerous radionucleskiped by cosmic ray activation
is °Co. Bulk contaminations of the copper parts of MiDBD, CUORIO and CUORE inf°Co
have therefore been considered. In Fig. 5.10(right) the tetmarlo spectra generated from bulk
60Co contaminations of the copper box and of the 50 mK coppeidhire shown. In this case the
electron emitted in the beta decay doesn’t reach the deseatal the observed spectra correspond to
the gamma interaction of the 1173 keV and 1332 keV photons.twh photoelectric peaks and the
sum peak are visible in the spectrum of a contamination irctipger box (green). The probability
that both the emitted gamma reach the detector in the case afvly contaminations (i.e. in the 50
mK shield (Fig. (5.10 right))(blue) ) is negligible. As itcde seen from these plots, the contribution
to the background in the DB region due td°Co contamination of copper is negligible.

An intermediate situation (sum gamma peak with a small daution also from the beta decay)
holds for experimental parts almost in contact with the clets (i.e. Cu Frames).
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5.5 Background study

To verify the reliability of our Montecarlo simulations weave performed a comparison between
a calibration spectrum, obtained in the first run of CUORIOIMith a?32Th wire source placed
between the OVC shield and the External Lead Shield, andatresponding Montecarlo spectrum.
This comparison is shown in Fig. (5.11). The excellent ames® between the measured calibra-
tion spectrum and the simulated spectrum (verified alsaatialg the correspondence between the
relative intensities of the observed lines and of the linisile in the MC spectrum) gives positive
indications of the ability of our Montecarlo simulationsraproduce the real experimental situation.

Once verified the reliability of our Montecarlo simulatigmsbackground analysis method has
been developed in order to disentangle the different ssussponsible of the background measured
with MiDBD-I, MiDBD-II and CUORICINO. This method is basedoth on data analysis tools
and Montecarlo simulations and takes into account the fyisibeach setup element and of each
modification to the setup structure.

A MINUIT based code (mc2exp) has been developed in order dtffie best linear combination
of input Montecarlo spectra that gives the best agreemehttive experimental spectrum. This code
can be used also limiting the analysis to a chosen energyeriangrder to better disentangle the
contribution of the different contaminations to the vasanergy regions. Limits or values for the
normalization of the input Montecarlo spectra can also leflxy the user, according to preliminary
evaluations of their expected contribution to the meashestground.

Main goal of this procedure is to reproduce the anticoinoogebackground spectrum by means
of the Montecarlo simulated spectra. This is performed ia¢lmain steps:

1. reproducing alpha peaks;
2. reproducing the continuous background observed above\3 M

3. reproducing the gamma region.
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Figure 5.12: Comparison between Montecarlo and CUORICINO anticoinuige (top) and coincidence
(bottom) spectra in the case of Te€@rystal surface contaminations (~ 1um).

Alpha peaks

The energy region above 4 MeV is analyzed in this first steg drticoincidence background spec-
trum in this region is dominated by alpha interactions tlna grigin to peaks. Only contaminations
located nearby the detectors (bulk and surface contaromain?*4U , 232Th , 2!°Pb of the crystals
and of the detector components and mounting structure)naefore contribute to the background
in this region.

The shape of the peaks (gaussian symmetric shape or lowyeiadrgecondary peaks, etc.) and
the peaks position (full transition energy or alpha enesgg) useful informations in a preliminary
evaluation of the best Montecarlo simulations which betgroduce the observed alpha peaks. In
fact, as previously said the localization (bulk or surfatergstals or mounting structure elements),
the density profile and the depth of the contamination gige to spectra with alpha peaks with
different shapes.

In addition the analysis of coincidence spectra and scattds can be used to evaluate the
presence and the nature of surface contaminations of tetatsy

After preliminary considerations made by means of thesks ttloe most probable sources of the
alpha peaks are identified and given as input to the mc2ex@. ddte minimization procedure finds
for each of the input Montecarlo spectra, the best normi@bzdor which the linear combination
of the normalized spectra minimizes the difference frometkigerimental one. The contaminations
responsible for the alpha peaks are therefore localizedjaadtified (Fig. 5.12).

A direct check of the reliability of the obtained result izgn by the comparison between the
measured coincidence spectrum and the corresponding Boazbination of the Montecarlo coin-
cidence spectra with the just found normalization valueggoAd reproduction of the background
spectrum for the events involving two detectors (multipyi@) is a further check of the goodness of
the obtained result.

A resonable statistics, together with a good resolutioncatitbration of the background spec-
trum in the alpha region are necessary requirements, i eodeentify with good precision the
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observed alpha peaks (full energy or alpha energy peakigosétc.). A high efficiency on coinci-
dences is also fundamental to separate the contributicgoderystal surface contaminations from
other surfaces contributions.

3-4 MeV range

The energy region between 3 and 4 MeV is a region where no knawar « lines from natural and
cosmogenic radioactivity are present. The main sourceh®ibtckground in this region is due to
alpha decays occurring on the surfaces of the crystals atfteafther elements facing them. The
contribution arising from crystal surface contaminatiecas be derived by a comparison between
coincidence and anticoincidence background spectra. @miyaminations located on that part of
the crystal surfacesS¢<!) directly facing other detectors can contribute to coircick events with
energies above 3 MeV. On the other hand, the decay occuminigei fraction of crystal surface
(S'mert) which faces inert materials (e.g. copper mounting stmétcontribute to the anticoincidence
background spectrum. From the coincidence spectrum we lo@mnahe rateR, in the 3-4 MeV
region due to contaminations &it<. By simply considering the geometric evaluation of theaati
Sinert/Set (average Monte Carlo evaluation) we can obtain from tRe expected crystal surface
contribution to the anticoincidence spectrum in the 3-4 MeYion. Now it is possible to subtract
the crystal contribution to the anticoincidence spectrararder to obtain the residual contribution
due to inactive surfaces.

Possible sources for the background in this region are sidantamination of the copper faced
to the detectors (mounting structure and copper box) anthnanation of other components close
to the detectors (such as the Teflon spacers placed betweeopper frame and the crystals, the
NTD thermistors, the Si heaters). Also neutrons and muounded neutrons have been taken into
account.

The spectra relative to the possible sources of the backgrimthe 3-4 MeV region are given as
input to mc2exp together with the normalized spectra okthin the first analysis step, in order to
reproduce the background region above 3 MeV (Fig. 5.13).rékelt obtained give us the localiza-
tion and the entity of the contaminations responsible ferlihckground in the high energy region
of the measured spectrum.

Unfortunately no direct check is available. Some indiaaioome from the analysis of the low
energy gamma peaks in the spectrum; a high statistics imllected background data is necessary.
Other independent radioactivity measurements must benoeed to make a cross check of the
obtained results and to evaluate the surface contamirsatibthe experimental materials faced to
the detectors.

Gamma region

The ingredients used to identify the contaminations resjdaof the background in the alpha region
refer to impurities localized in the detectors themselvas experimental parts directly facing them.
The contribution of these sources to the gamma region stamddunt for most of the low energy
gamma lines belonging to tHé&U and?3?Th chains. Other contribution to the gamma lines of this
chains should arise from bulk impurities 8fU and?32Th of all the experimental part$’K and
60Co contaminations of copper and Te&e needed to account for the observed gamma lines relative
to these isotopes. Bulk impurities 8fPb and the DBRv of 13°Te are also considered as possible
sources for the continuous background in the gamma region.

The spectrum obtained by combining the normalized Montesgrectra, relative to the back-
ground sources identified in the first and second step of thlysis procedure, is given as input to
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Figure 5.13:Comparison between Montecarlo and CUORICINO anticoinuige(top) and coincidence (bot-
tom) spectra in the case of Te®©rystal surface contaminations (~ 1um) + copper surface contamination
in 238U /22Th (A ~ 5um).

the minimization procedure, together with the simulateecsg relative to the possible radioactive
sources for the gamma region. The experimental spectrunersfitted in the full energy range, in
order to localize and quantify the radioactive sourcesd¢hataccount for our measured background.

5.6 A more conservative approach

The analysis method presented in section (5.5) has got siomitations. Unfortunately the not
perfect calibration of the background spectrum in the atplgaon, together with an energy resolution
not always good enough to separate alpha peaks with verjasiemergies makes the identification
of the sources responsible for the observed alpha pealesdjtficult. In particular the most critical
parameter in this phase is represented by the contamirdgjathh, from which the peaks shape and
the continuum contribution strongly depend.

This fact also influences the fit of the region between 3 and ¥.NDafferent depths for the
surface contaminations responsible for the alpha peaks imefact different low energy tails, or,
in other words, different contributions in the 3-4 MeV energnge. At the same time the spectra
relative to contaminations deeper thanu® of the surfaces faced to the crystals, assume almost
indistinguishable shapes in this region in spite of the chaif the contaminant impuritie$*{U ,
232Th , 238U broken chairf!°Pb ).

At the same time the choice of the surface impurities stypimfluences the contribution given
to the gamma region, mainly to low energy gamma lines andmmauntn. The contribution ascribed
to the sources responsible for the region between 0 and 3 MaVherefore change.

These considerations make us aware of the fact that theifjcatndns of the identified back-
ground sources obtained with this technique must be takegemsral indication, but cannot be
considered reliable measurements for the contaminatieidef our materials. Independent ra-
dioactivity bulk and surface measurements are therefarddmental to evaluate the impurity level
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of our experimental setup. On the other hand, this backgramalysis method, even if model de-
pendent, is very useful in giving indications of the souneesponsible of the measured background
and can therefore address our efforts in background studlyegtuction.

A more conservative approach enable us to obtain thE@20. upper limits for the contamination
levels of the used materials. This value is obtained by meng the contribution to the background
due to each of the Montecarlo spectra (one for every simiilestgtope or chain in every single
experimental element) compatibly with the measured bakgt spectrum. The obtained limits are
very conservative since correspond to the maximal corttabuhat can be ascribed to a specific
contamination.

The knowledge of the background and of the contaminatioel lef/the materials used so far
in MiDBD and CUORICINO are of fundamental importance for thgimization of the CUORE
detector with respect to background reduction. More detgill be given in chapter (7).

71



Chapter 6
MIDBD background analysis

Introduction

The MIDBD experiment, carried out in Hall A of LNGS by the Mila group between the years 1997
and 2001, was only the last of a series of experiments on @B '*°Te, based on the bolometric
technique. In fact, the improvements in the detector peréorce obtained over years of measure-
ments with devices of constantly increasing size, led tagelanass, low background experiment
whose results finally demonstrated the competitivenedseoliotv temperature calorimeters.

The big effort carried out in the &D with respect to detector optimization and background
reduction, made us decide to perform in 2001 a second runBdHD), in which the MiDBD tower
was completely rebuilt with a structure very similar to CUGRNO. All the surfaces of the TeQ
crystals and of the mounting structure were subject to acdéelil etching process aiming to reduce
radioactive contaminants (see section (4.2)). In this sioca due to the more compact structure of
the tower, an enlargement of the internal roman lead shieddspossible. An external borated PET
neutron shield was added in June 2001.

The available data have been analyzed in order to extraatdisérelevant information, concern-
ing both the physical processes (single and double betysleaad the background origin.

6.1 Data and detector performances

The MiDBD data collection was divided in sets of about 15-291 At the beginning and at the end
of each data set the detector was calibrated with an expdastimg about 3 days, to a mixed U and
Th source placed at the two opposite sides of the 20 crystadriqust in contact with the external
cryostat thermal shields.

The excellent reproducibility of the MiDBD detectors is shoin Fig. (6.1) where the total
calibration spectrum, obtained by summing the spectraefthdetectors, is presented. The overall
energy resolutions in the total calibration and backgrospettra for MiDBD-I and MiDBD-I1I are
reported in Tab. (6.1).

In Tab. (6.2) the single detector response and resoluti@hated in the calibration spectrum at
the 2615 ke\?%Tl line, are reported for both MiDBD-I and MiDBD-II. The disbutions obtained
in the two runs with respect to pulse height and energy réisol(2615 keV line) are compared in
Fig. (6.2).

As it can be seen in Tab. (6.2) in MiDBD-II some detectors argsing. In the second run we
had in fact to face three main problems:
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Figure 6.1:U+Th calibration, sum spectrum of the 20 detectors.

Calibration

E, [keV] 583 911 1460 2615
FWHM [keV] (MiDBD-I) 3.6 43 59 8.1
FWHM [keV] (MiDBD-Il) 39 57 6.8 8.7

Background

E, [keV] 583 911 1460 2615
FWHM [keV] (MiDBD-) 4.2 51 6.7 9.3
FWHM [keV] (MiDBD-I) 4.0 97 15

Table 6.1:FWHM resolutions (keV) in calibration spectrum (top) andtia 80000 hours crystal (MiDBD-I)
and 11000 hourscrystal (MiDBD-II) background spectra for MiDBD-I and MiOB 1

e 1 detectors could not be read-out, because of the breakatgesignal wires and 4 detectors
could not be used because of the disconnection of the sifieater;

e the breakage of four heater connections caused the implagsdostabilize the corresponding
detectors. They could not therefore be used to increasedtisties;

e some detectors had too high noise to acquire their signal.

Due to the high number of not working detectors and to thetsheasuring time, the statistics of
MiDBD-II was limited and the coincidence analysis techr@quas therefore less efficient.

6.2 DBD results

The two MIDBD runs totalled~31,508 (MiDBD-I) and~5,690 (MiDBD-I1) kgx hours of effective
running time, respectively. Sum spectra were obtained fdth no anticoincidence cut and by
operating each detector in anticoincidence with all thet{“anticoincidence cut”).
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MiDBD-I MiDBD-II

Cryst. Ampl. FWHM (2615keV) Cryst. Ampl. FWHM (2615keV)
(uVIMeV*kg) (keV) (uVIMeV*kg) (keV)
F 163 7.4 F 178 7.2
16 91 4.5 16 41 -
130-1 40 21.1 O 134 11
0 148 12.4 11 149 12.4
11 108 7.5 130-1 141 20.0
6 116 6.5 2 174 8.0
H 125 10.7 8 137 7.7
128-1 32 15.9 E 141 8.8
14 191 6.7 4 129 8.1
I 180 5.4 128-2 181 10.6
2 192 9.1 B 185 11.7
5 133 7.7 5 204 6.9
130-2 65 10 9 186 6.5
9 112 9.8 13 141 8.1
13 80 7.2 130-2 145 11.6
4 131 8.7 6 178 -
8 174 6.1 H 0 -
128 -2 102 10.4 14 0 -
E 75 6.7 I 0 -
15 162 5.8 128-1 92 15.0

Table 6.2:Detector performances in MiDBD-I and MiDBD-II

The sum of the spectra obtained in anticoincidence in thertwus in the region above 2 MeV
is shown in Fig. (6.3). It corresponds 4eB.56 kg xyear of TeQ and to~0.98 kg xyear of'*'Te .
The clear peaks corresponding to the lines at 2104 keV sieggape of the 2615 ke¥f Tl line), at
2204 keV ¢4Bi) and at 2615 keVA®TI), confirm the reproducibility of the array during both gin

No peak appeared in the region of DBDof 3°Te, where the rates were of 0.390.06 and
0.33+ 0.11 counts/keV/kgly respectively for MiDBD-I and MiDBD;when operated in anticoin-
cidence. Also, no peak appeared at the energies corresgptredDBD0v of 13°Te to excited levels
of 130Xe, nor at the energy of 867 keV corresponding to DBDf 8 Te.

Fit parameters and 9% C.L. limits for the various decay processes (Tab. 6.3) weetuated
with a maximum likelihood procedure [112], applied to théatdMiDBD-I and MiDBD-II) an-
ticoincidence spectrum. Assuming a Poisson statisticsHerbinned data the fit procedure was
formulated in terms of the likelihood chisquarg §:

X2 =2 Z(yz —n; + ngdn(ng/y;)) (6.1)

i
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Figure 6.2:Distributions of the pulse height (left) and FWHM at the 2&&%2° Tl peak (right) for MiDBD-I
and MiDBD-II.

wheren; is the number of events in th# ispectrum bin ang; the number of events predicted by
the fit model. Fit parameters were estimated by minimizifig while limits were obtained, after
proper renormalization, just considering thg distribution in the physical region [3]. A global fit
procedure based on the minimization)gf = Y, x7 was adopted to combine different measure-
ments. Similar results were however obtained followingapproach proposed by G.J. Feldman and
R.D. Cousins [113].

Isotope Transition Cuts E Efficiency LI
(keV) (%) (years)

130Te  Ov:0"— 0" a.c. 2528.8 84.5 > 2.1 x10%
B30Te  (Qv:0t* — 0t none 1992.8 7.9 > 3.1 x 10%2
B30Te  (Qv:0t* — 2% none 1992.8 37.5 > 1.4 x10%
130Te  2v:0" > 0" a.c. (6.141.4732) x 10%°
130Te  1y:0" =0t a.c. > 2.2 x 10%
130Te  2y: 0" =0T a.c. > 0.9 x 10%
128Te  Ov:0" —=0" ac. 867.2 97.9 > 1.1 x10%

Table 6.3:Half lifetime limits (90 % C.L.) on lepton violating and camsing channels deduced from the
MIDBD data analysis. Eis the energy analyzed to obtain §, whilea.c.indicates that the anticoincidence
spectrum was used. [86]

For the effective neutrino mass m, > we obtained upper limits in the ranges (1.1-2.6) eV,
taking into account theoretical uncertainties in the dalibon of the nuclear matrix elements.

The 90% C.L. limit for DBD2v of '3°Te , reported in Tab. (6.3), already excludes a relevant loss
of the daughter isotope in geochemical experiments, whashbdeen considered by O.K. Manuel
[45]. We attempted also an evaluation of the rate for thiglegonserving process by analyzing the
subtraction between the sum of the two spectra of the ceyistatopically enriched it*°Te and the
sum of those of the crystals enriched#Te (Fig. (6.4)), for the data collected in the second run.

The spectrum resulting from this subtraction is positivéhia region of DBR2v with an excess
of 269£60 counts, corresponding 6, = (6.1 + 1.4stat.) x 10* years. However a precise
evaluation of the half life is not straightforward because background differs among the four
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Figure 6.3: Total spectrum (in anticoincidence) in the region of DBDobtained with the twenty crystal
array. The solid curves represent the best fit (lowest cuane)the 68 % and 90 % C.L. excluded signals.

enriched crystals. In particular different rates are olesdfor the 1460 keV gamma line K and
for the alpha lines in the 4-6 MeV energy region (Tab. (6.6) 46.4)). In addition the two crystals
enriched in'?Te have different rates in the energy region between 600 60d keV.

40K

c/h-1072
1.3+/-0.5
5.0+/-0.8
128-1 2.3+/-0.6
128-2 1.6+/-0.5

400-1400
c/keV/h10—*
7.2+/-0.2
7.2+/-0.2
6.6+/-0.2
5.8+/-0.2

400-600
c/keV/h10—*
14.9+/-0.8
13.7+/-0.7
13.8+/-0.7
13.1+/-0.7

600-800
c/keV/h10~
8.1+/-0.6
8.6+/-0.6
7.8+/-0.5

800-1000 1000-1400

130-1
130-2

6.4+/-0.53.5+/-0.3
6.6+/-0.53.7+/-0.3
5.4+/-0.53.1+/-0.2
6.5+/-0.5 4.0+/-0.42.9+/-0.2

nat. 0.6+/-0.1

4.85+/-0.06

10.7+/-0.2

5.7+4/-0.2 4.14/-01.92+/-0.06

1500-2000

c/keV/h10~4

2000-3000

c/keV/h10~*

3000-4000

c/keV/h10~*

c/keV/h10~*

4000-5000 5000-6000
c/keV/h10~*

130-1
130-2
128-1
128-2
nat.

0.8+/-0.1
1.0+/-0.1
0.8+/-0.1
0.8+/-0.1
0.57+/-0.03

0.30+/-0.05
0.28+/-0.05
0.30+/-0.05
0.40+/-0.06
0.23+/-0.01

0.58+/-0.07
0.28+/-0.05
0.73+/-0.08
0.44+/-0.06
0.11+/-0.01

5.5+/-0.1
3.0+/-0.1
7.4+/-0.2 2.00-
4.4+/-0.2 2.02-
0.71+/-0.02 08/8.03

2.04-
1.82-

Table 6.4:Background integrals for the gamma and alpha energy regematuated for the four isotopically
enriched crystals in MiDBD-II.

With the aid of a Montecarlo simulation of the possible baokgd contributions, we were able

to restrict the possible sources responsible of these IBath the sources responsible for the differ-
ences in the rates measured by the four isotopically erdichestals {°K and alpha contaminations)
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Figure 6.4: Total difference spectrum betwet¥Te and'?® Te detectors (no background subctraction). The
solid curves represent the best fit (lowest curve) and tf GQL. excluded signal (Tab. (6.3)).

can contribute to the background in the DBDenergy region. It's therefore necessary to evaluate
these contributions and the systematic errors we face wbitsidering the subtraction between
spectra of detectors having different backgrounds.

As it is shown in Tab. (6.4) the intensity of tH&K line is higher in the isotopically enriched
crystals than in the natural ones. In addition the measwatddiffers from crystal to crystal also
within the enriched ones. Although the most naive explamator these differences would be a
different bulk contamination ifPK for the four enriched crystals, this hypothesis must beateid.
The Montecarlo simulations in fact show that the continuwanlground that would arise in this
case from the beta decay, is higher than the measured ons. pegformed by simulating various
localizations for &°K source, permitted to find the best reproduction of the inedaintensities of the
1460 keV line for the four enriched crystals, by consideampint-like source on the bottom surface
of the copper holder. By means of the Montecarlo code we Hase évaluated the contribution
that this source would give to the background measured by efihe four enriched crystals, and
consequently also to tHé’ Te 28 Te difference spectrum. The maximum expected differenegalu
background fromi°K is positive and corresponds to 86 counts, which shouldfoes be subtracted
from the actually evaluated DB signal.

The alpha peaks observed in the spectra of the four isotbpeaiched crystals can be ascribed
to surface contaminations of the crystals’iU , 222Th and?'°Pb . The intensity of these peaks
is different from one crystal to another, and therefore theces responsible of these contributions
will give rise to different rates in the DBy energy region. In order to evaluate the continuum
contribution due to the identified surface contaminatioms,have used the mc2exp code. Using
this fit procedure we have found the best linear combinatfdhecontaminations spectra (we have
also added contributions from the copper surfaces), abtepgmduce the measured background.
We have then evaluated the contribution of the surface iitipsiof 222U |, 232Th and?!°Pb to the
DBD2v energy region of each of the four enriched crystals spectiamd therefore also to the
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Figure 6.5: MiDBD-I (continuous line) and MIiDBD-II (dashed line)backgnd spectra after anticoinci-
dence cut.

130Te -128Te spectrum. The maximum expected difference due to thegamiations is negative
and corresponds to 380 counts, which should therefore bedaiddthe actually evaluated DBD
signal.

We concluded that the differences in the crystal backgraatels could not account for the
DBD2v effect, but introduce a large systematic in the half lifedigvaluation. Our analysis of the
measured background of the enriched crystals was perfomuader to find out the sources config-
uration that could give the maximum contribution to the DBDenergy region of thé*’Te 12Te
spectrum. Other configurations, able to account for the drackhd measured by the four crys-
tals, could give minor contributions to th&Te -2Te spectrum. For this reason the above quoted
background rates have been assumed as the maximum possitriewtion to the systematic error,
obtaining the final resulf}, = (6.1 + 1.4stat.*32sys.) x 10%° years. This value, while in agree-
ment with most geochemically obtained results, looks sonaewigher than most of those predicted
theoretically [114]. The already running NEMO 3 experim@rit5], as well as an improved search
to be carried out with the larger mass CUORICINO array, witha to reduce soon the present
uncertainties.

6.3 Background results

The sum spectra of the two runs obtained after applying tliecamcidence cut are compared in
Fig.( 6.5). In Fig. (6.6) the gamma and the alpha energy regare separately shown. Analyzing
the structures observed in the measured background spexttan make some considerations with
respect to the radioactive contaminants contributing écdihserved background.

In both the spectra the main gamma lines due to the naturaitacif the 222 Th and?34U chains,
of *°K and the lines at 1173 and at 1332 keV due to cosmod€@ic are observed. The exposure of
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Figure 6.6: Background comparison between MiDBD-I (red) and MiDBD#Iug) in the gamma region
(left) and in the alpha region (right).

the crystals to the cosmic radiation during the assemblirtjeosecond run results in the presence
of Te activation lines in the energy spectrum.

The intensities of the main gamma lines observed in both MIEIEand MiDBD-II are shown
in Tab. (6.5). A clear reduction in the intensities of the mgamma lines due to natural activity is
observed in MiDBD-II.

"Internal peaks" at the transition energy of alpha decaystdé@*®U and?*?Th contaminations
are clearly visible in both the spectra. An "external pealthva low energy tail is also visible
at 5.3 MeV, at the alpha energy of tA€Pb decay. The rate of tié°Po alpha peaks at 5.3 and
5.4 MeV (alpha and alpha + recoil energy) is stable in timestmdicating that they should be
ascribed td'°Pb contaminations and n8Po (T;/»,=138.4 d). The integral in the 3-4 MeV region
and the alpha peaks intensities, measured in MiDBD-I and BDBI, are shown in Tab. (6.6),
separately for natural and enriched crystals. As prewogsbdted the enriched crystals show higher
intensities for the alpha lines and at the same time a potaéstics. They have been therefore
separately analyzed. In the 3-4 MeV energy region a gaupgiak at about 3250 keV is observed.
Its contribution was therefore subtracted to the measwatedin 3-4 MeV energy region, in order to
evaluate the continuous background in this interval. Fraim {6.6) we can clearly see that tHi&U
line at 4.2 MeV line is not in secular equilibrium with th€Po line at 5.4 MeV; thé*®U chain could
therefore be broken. THé*Th chain, on the other hand, seems to be in secular equitibrin the
energy spectrum summed over all the natural crystals wgrikiMiDBD-1 we have also observed
the presence of the nuclear recoil peak-at00 keV, relative to thé'°Po decay, with an intensity
comparable to that of the corresponding 5.3 MeV alpha peathd energy spectrum obtained with
the data collected in the second run the high contributidovatenergy due to tellurium activation
prevent us from seeing the recoil peak at 100 keV.

A clear reduction in both continuum and « peaks intensities is observed in MiDBD-II with
respect to the first run (Fig. (6.6) and Tab. (6.7)). In pattic a reduction factor of about two is
observed for thé*4U and?32Th alpha and gamma peaks and for the 3-4 MeV continuum. A reduc
tion of a factor of about 1.5 is observed in the gamma contmbetween 1 and 3 MeV (including
the DBDOv region). A higher reduction factor ef 4 is obtained for the 5.3 and 5.4 MeV peaks of
210P0_

The background reduction obtained in the second run (Tap.l&oth for the intensities of gamma
and alpha lines and for the continuum between 3 and 4 MeVggrthe effectiveness of the changes
applied in MiDBD-II (increased roman lead shields and clegmprocedure applied to crystals and
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E (keV)

Isotope

MiDBD-I
counts/h/kg

MiDBD-II
counts/h/kg

CUORICINO (5<5x5 cn? )

counts/h/kg

88
105
145
238
241
247
294
337
351
583
603
609
728
752

768.4
804
911
934
965
970

1002

1120

1156

1173

1238.2
1333
1461
1509.5
1590
1628
1661.5
1731
1766
1847.7
2104
2118.9

2203

2448

2615

123mTe+127mTe
129mTe
125mTe
212Pb
214Pb
123mTe
214Pb
228Ac
214Pb
208TI
121mTe+121Te
214Bi
212Bi
228Ac
214Bi
210Po
228Ac
214Bi
228Ac
228Ac
238U(234mPa)
214Bi
214Bi
60Co
214Bi
60Co
40K
214Bi
228Ac
228Ac
214Bi
214Bi
214Bi
214Bi
208TI(f.s.)
214Bi
214Bi
214Bi
208TI

1.25E-02 3.14E-03
2.02E-02 2.93E-03
5.64E-03 1.70E-03

9.50E-0% 2.16E-03
5.09E-0% 1.74E-03
1.45E-02 2.63E-03
1.35E-02t 1.53E-03

3.94E-G31.19E-03
9.24E-03 1.40E-03
4.71E-0% 1.31E-03

4.11E-03 1.10E-03
1.39E-0Z 1.27E-03
2.25E-03 7.63E-04
2.97E-0% 8.48E-04
6.91E-0% 9.75E-04

1.78E-@37.21E-04
4.41E-03% 7.63E-04
1.65E-03 6.78E-04
2.45E-02 1.57E-03

2.21E-02 1.91E-03
9.73E-02t 3.43E-03

3.18E-03- 5.94E-04
2.04E-03: 5.09E-04

7.21E-04- 3.82E-04
5.98E-03% 8.48E-04

2.59E-03F 5.94E-04

1.65E-0% 4.66E-04

1.49E-0Z 1.36E-03

5.62E-812.37E-02
1.12E-G# 1.05E-02
5.69E-0% 2.31E-02

2.43E-01 1.82E-02
7.43E-02 8.80E-03

< 1.18E-02

3.41E-02 7.15E-03

7.15E-03 3.30E-03

< 5.88E-03

<6.76E-03

< 1.03E-02

<4.41E-03

1.49E-02 4.95E-03

1.16E-02 3.85E-03
1.73E-02 4.79E-03

< 3.24E-03

3.85E-08 1.65E-03

4.95E-08 2.20E-03

1.33E-0Z 1.63E-03

1.61E-0Z 1.57E-03
9.38E-03: 1.46E-03
2.25E-03% 1.97E-03
7.23E-03% 1.59E-03
1.39E-0Z 1.61E-03

6.80E-03 1.27E-03

1.44E-Q2 1.52E-03
3.75E-03 1.03E-03
1.60E-0Z 1.42E-03
1.54E-03 8.55E-04

9.46E-089.24E-04
6.06E-G89.75E-04

1.34E-G2 9.06E-04

1.85E-0Z 9.68E-04
5.85E-03+ 6.28E-04
1.90E-0z 9.29E-04
3.98E-0Z 1.24E-03
2.37E-03£ 4.72E-04

1.05E-03+ 3.45E-04
3.67E-03 5.26E-04
1.75E-G2 8.23E-04
2.29E-03+ 3.72E-04
1.11E-03 2.57E-04
1.61E-03+ 2.93E-04
5.56E-03 4.67E-04
1.94E-03+ 3.01E-04
9.16E-03 5.71E-04

Table 6.5:Intensities of the observed gamma lines for MiDBD-I, MiDBland CUORICINO.

copper surfaces) and can provide useful informations taliloe the main background sources.
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natural crystals

3-4 MeV 4.1 MeV 4.3 MeV 4.8 MeV 5.3+ 5.4 MeV
continuum 232 Th 238U 238U Po
[c/keV/h 1077] [c/h 1071] [c/h107Y]  [c/h 1071 [c/h 1071]
MiDBD-I 1.9+/-0.1 0.063+/-0.001 0.29+/-0.01 0.79+/-0.03 1.84/-0.1
MiDBD-II 0.9+/-0.1S 0.033+/-0.003 0.17+/-0.02 0.30+068. 0.47+/-0.04
enriched crystals
3-4 MeV 4.1 MeV 4.3 MeV 4.8 MeV 5.3 +5.4 MeV
continuum 232 Th 238 U 238U Po
[c/keV/h 107°] [c/h 1071 [c/h107Y]  [c/h 1071 [c/h 1071
MiDBD-I
130 5.5+/-0.3 0.71+/-0.04 2.63+/-0.09 3.22+/-0.11 0.4868 + 8.0+/-0.2
128 1.51+/-0.08 6.98+/-0.22 8.08+/-0.28 1.1+/-0.1 + 2804
MiDBD-II
130 3.1+/-0.7 0.23+/-0.02 1.64/-0.1 1.6+/-0.1 0.9+/-0.1
128 3.5+/-0.7 0.30+/-0.02 2.3+/-0.2 2.0+/-0.2 0.7+/-0.1

Table 6.6: Background integrals for the continuum between 3 and 4 Me¥/the alpha peaks for natural
(top) and enriched (bottom) crystals in MiDBD-I and MiDBD-I

Reduction factors - peaks
U and Thy’s %Co 10K U and Tha's
>2 ~ 2 ~ 6 ~ 2
Reduction factors - continuum
[1-2]MeV [2-3]MeV DBDregion [3-4]MeV
~ 1.3 ~ 1.6 1.5+0.3 ~ 2.4

Table 6.7:Background reduction factors measured between the twootinEDBD.

6.4 Background analysis

A semi-quantitative analysis of the measured backgroursdoagied out considering only MiDBD-

| data, for which the available statistics was more signifiea As quoted in chapter (5) the analysis
is performed in three separate steps, attempted to ideéh&fgources responsible of the alpha peaks
in the first step, of the continuum above 3 MeV in the second adithe gamma lines and continuum
in the last step.

Alpha peaks

The alpha peaks visible in the background spectra above 3 Meafly show the presence of con-
taminations of?8U , 2'°Pb and?®*?Th that in principle could be localized in the crystals buitkthe
crystals surface and on the surface of materials facingebectbrs themselves.

By analyzing the peaks shape and position, the coincidgmeetrsim and the scatter plots we
could conclude that these peaks are due to a surface (andontk)aontamination of the crystals.
Indeed the peaks energy position corresponds to the ti@mgiergies of the decay, implying that
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both the alpha particle and the nuclear recoil contributia¢osignal: the decaying atoms can only
be "contained" in the crystal. The shape of the alpha peagsrobd is clearly non gaussian with an
energy tail extending to low energies. This low energy talicates that the contamination producing
the peak is localized on the crystal surface. The obsenegaestf the alpha peaks is well reproduced
by Montecarlo spectra generated for contamination of tiistals surface between .1 angih.

The straight lines clearly visible in the scatter plot in.Hi@.7) unequivocally indicate the pres-
ence of contaminations on the crystals surface. Alphagbestor nuclear recoils, emitted in a decay
occurring very near to the surface, can in fact loose pat@if energy outside the crystal and can
therefore be detected by a faced detector.

10000 _|
8000 _|
6000

4000 | ww

[ 8] Amplitude [mV] (TD)

2000 |

2000 4000 10000

[ 11 Amplitude [mV] (TD)

Figure 6.7:Scatter plot of coincident events between all possible NIBBetectors.

By comparing the measured scatter plots with the ones stetutar different depths and density
profiles for surface contaminations of the crystals, we tated that the distribution of the coinci-
dence events on the plots are better reproduced for corditionis on the crystals surface with a
depth between .1 and;/m with exponential density profile. In this case, in fact, évents are dis-
tributed over all the lenght of the straight lines, but withigher density near the borders (Fig. 6.8).

An additional proof of the existence of surface contamoratiof the crystals is the presence of
the alpha peaks in the coincidence spectrum, obtained lgingavents with multiplicity 2 (i.e.
events in which 2 facing crystals are simultaneously hit).

In order to verify the indications of high contributions tiplaa peaks from surface contami-
nations, independent measurements were carried on in th€ loh LNGS. These measurements
showed that the intensity of the alpha peaks is decreaséw i€rystals surface is polished with
powders with lower radioactivity than the ones used by tlystats factory in China or alternatively
if it is subjected to an etching procedure (Fig. 6.9). The saesults have been obtained after the
polishing of the surfaces of the 20 crystals of the array fddBD-1l (Fig. 6.6(right)).

These preliminary considerations helped us in identifyiregpossible sources of the alpha peaks
as?3Uy , 210pp ,22Th and?8U -22°Th (238U broken chain) contaminations located on the crystals
surfaces at a depth ranging between 0.1 apghlwith an exponential density profile. The Monte-
carlo spectra corresponding to these sources were theragsegut to the mc2exp code in order
to reproduce the measured background spectrum by a linedsination of simulated spectra. The
radioactive sources, corresponding to the linear comioinahat better reproduces the observed
spectrum in the alpha energy region, were therefore founith #Ms procedure we have identified
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Figure 6.8:Simulated scatter plot fot*U contamination on the crystal surface ayn depth with expo-
nential density profile.

the contaminations whose contribution to the measureddvaakd in this energy region is most
relevant.

The identified sources afé®U , 238U -22°Th and?*?Th distributed with exponential density pro-
file on the crystals surface at a depth ranging between 0.ZLamd. This surface contamination
can probably be ascribed to the highly contaminated poigshbwders, used for the surface treat-
ment of the MIDBD crystals (Tab. 4.3). The reduction in thpha peaks intensity, observed in
MiDBD-II, can therefore be ascribed to the crystals surfaleaning performed with selected low
activity powders (Tab. 4.2). The evaluated contaminatafrtbe crystals surfaces U and?32Th
cannot however account completely for the 5.4 and 5.3 Me\kpe&?'°Po. These peaks seems to
be produced by the or a+recoil particles, emitted by*°Po, daughter of'°Pb . Since, as quoted
before, the counting rates of the two peaks are almost staliime, the contamination responsi-
ble of the peaks must be ascribed*tbPb impurities. The analysis of the coincidence spectrum,
where a clear peak at 5.3 MeV and anothexa00 keV are observed, shows that part ofH&b
contamination must be located on the crystal surface. Thgaason with the Montecarlo spectra
obtained for*!°Pb contaminations on the crystal surface at different destiggest a very shallow
impurity distribution to account for the nuclear recoil ged ~100 keV. Normalizing the simulated
spectrum in order to completely account for this peak, weehasticed that some contribution is
still missing to the 5.3 MeV peak in the anticoincidence $peun. A surface contamination of the
passive materials facing the crystals (mainly copper ofntloeinting structure) at a depth between
0.2-1um has been found to fit properly the missing contribution. FSsurface contaminations of
210pp could be ascribed to a depositiortitiPb produced by Rn decays occurred during the crystals
handling. Indeed in this case a contamination in a very thyed could be produced on surfaces
exposed to Rn.

A weak indication of a low intensity peak at 3250 KeV is alsegant in the background spec-
trum. This peak is probably due to'¥Pt contamination of the crystals. Indeed the crucibles in
which the TeQ crystals are grown, are made of this material and inclusiotise crystal of small
fragments of- Pt are therefore possible. The isotoPt decays via alpha emission with a life-
time of 6.5<10''y and the transition energy is 3249 MeV, that is compatiblé wie measured peak
position. The shape of the peak appears to be simmetric amtlimation of coincidence events are
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Figure 6.9:Comparison between background spectra measured in halkiCTeiG, crystals before (contin-
uous line) and after (dashed line) etching procedure.

found, pointing to the conclusion that the contaminatioowt be in the crystals bulk?°Pt is the
only contribution from crystals bulk contaminations fouladbe necessary to reproduce the antico-
incidence background spectrum. Recent ICPMS measuremenitsmed on small fragments of the
TeG, crystals have not revealed the presence of this contamimbi# fact excludes the presence of
a uniform contamination of°Pt in the crystals bulk, but a not uniform distribution'8fPt atoms

in the crystals volume is however possible.

With the adopted analysis procedure we were able to find thidibear combination of radioac-
tive sources able to account for the alpha peaks intensitessured in the background spectrum
(Fig. 6.10) and at the same time we could evaluate the comiitbat lower energies arising from
the so far identified contaminations. In particular thisrses can partially (but not completely)
account for the rather flat continuous background measwtteen 3 and 4 MeV, a region where
no known~ nor « lines from natural and cosmogenic radioactivity are pres@y the analysis
of the coincident events from particles we obtained a ratepR0.13 counts/keV/kgly, in the 3-4
MeV interval, for the events with multiplicity 2 (i.e. evemin which 2 crystals are simultaneously
hit). The only possible origin for these events, is a radiwaadecay produced in the fraction of
crystal surface facing other crystals(s,.). On the other hand, the decays occurring in the frac-
tion of crystal surface (S.,:) which faces inert materials (e.g. copper), would conteb the
anticoincidence background spectrum. By simply consigetihe geometric evaluation of the ra-
tio S;.ert/Sactive (Average Montecarlo evaluation) we can obtain fromtRe expected contribution
to the anticoincidence spectrum in the 3—4 MeV region: ©.0605 counts/keV/kgly. In order to
extrapolate this rate back to the DBDregion we need to know the shape of the background spec-
trum. In particular, various estimates of the ratip RR3,; (where R are the counting rates in the
energy regions of interest after the anticoincidence cetewobtained on the basis of Montecarlo
simulations of crystal surface contaminations of diffémepths and density profiles. Unfortunately
the ratio depends critically on these parameters and thagedviontecarlo evaluation of the ratio
has therefore a large error. The extrapolated contributithe DBD)v region background is 0.27
0.1 counts/keV/kgly corresponding4at6+ 10% of the measured rate.
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Figure 6.10:Comparison between measured spectrum (black) and the ®tdespectrum (red) obtained
like the best linear combination of the simulated specthat teproduces the alpha peaks intensities and
shapes.

3-4 MeV energy region

As quoted above, the sources responsible of the alpha paaketocompletely account for the rather
flat continuous background, measured above 3 MeV, and ircpkt above 3 MeV.

Other possible sources for this background were taken sdoumt and excluded as relevant for
MiDBD: neutrons (ruled out since no variation of the backgrd rates measured with and without
the neutron shield was observed), muon induced neutrolesl(out by simulation of the production
rate of neutrons in the experimental set up), bulk contatimnaf other components close to the
detectors (such as the Teflon spacers placed between therdopme and the crystals, the NTD
thermistors, the Si heaters, for which the contaminatiogasared with Ge spectroscopy, seems
to be too low to account for the observed background, evemreraccurate and sensitive measure-
ments are needed). Finally, some tests done with dedicatedtdrs in the hall C set-up, proved that
the etching of the copper structure in a clean environmezitlyia reduction of the background in
the 3-4 MeV region, while the cleaning of the crystals swfagives a reduction in the alpha peaks
intensity but does not give any change in tked3VieV energy region rate.

This fact, and the agreement of the Montecarlo simulatioitis the measured spectra, indicate
that?34U or 222Th or 2!°Pb surface contamination of the copper should be the midsingground
source (Fig. 6.11(top)). In fact, by applying the fit procesdto the energy range between 3 and 10
MeV, we have found that the best agreement with the expetahepectrum is obtained f&f2U
, 2Th and?!°Pb surface contamination of the copper structure and haldardepth or the order
of 1-5 um (Fig. 6.11(bottom)). The absence of "external alpha geiakihe background spectrum
(apart the 5.3 MeV*'°Po peak about which we have quoted above) is in fact a clearaitioin of a
not too shallow contamination depth (deeper tham). There is some difference in the shape of the
spectra generated for contaminations ingalor 5:m depth surface layer (Fig. 5.9(left)), but this
difference does not seem significant, since the fit proceclureses one or the other contamination
indifferently. In addition the shape of the background ab8vMeV generated by 1-bm depth
contaminations of the copper surfaces does not change sb wiuen choosing*®U , 22Th or
210Pp sources and therefore the three of them or, more likelgnebination of them, could be the
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Figure 6.11:Top: Comparison between measured spectrum (black) andedarib spectra obtained as
linear combination of simulated spectra that better reproel the alpha peaks (green) and the continuum
above 3 MeV(red). Bottom:comparison between measuredrspetblack) and Montecarlo spectra obtained
as linear combination of simulated spectra that better ogloice the alpha peaks and the continuum above 3
MeV (red).

responsible of the measured background between 3 and 4 MeV.

Since a direct check of the reliability of the obtained résig not available, dedicated and
independent measurements are necessary to find out thetoat@n levels of the surface of copper
and of the other parts facing the detectors and at the saneettiennature and the depth of such
contaminations. Other sources of flat background in the 3% Mnergy region could in fact have
not been taken into account. Independent measurementsfioncwr reject our hypothesis are
therefore of fundamental importance also to better foealizr efforts in material selection, radiation
shieldings and surface cleaning optimization.

The contribution of copper surface contaminations (afteranticoincidence cut) to the rate in the
3+4 MeV energy region can be evaluated by subtracting thealrgatface contribution to the total
rate: 0.3% 0.1 counts/keV/kg/ly. Once again the extrapolation to thédDBregion is model de-
pendent (it depends on the chosen contamination depth ameha/Nith our model the contribution
of the copper surface contamination to the DlBDegion background is 0:20.1 counts/keV/kgly
(~34+ 10%).
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Figure 6.12:Comparison in the gamma region between measured spectiaok)and Montecarlo spectra
obtained as linear combination of simulated spectra thédtdoeeproduce the entire energy range.

Gamma region

The spectrum resulting from the best fit of the alpha regiamsisd, together with the Montecarlo
spectra generated for contaminations that contributegcettergy region below 3 MeV, to fit the
experimental spectrum in the entire energy range (Fig.)6\\&th this procedure we have tried to
reproduce also the background measured in the gamma erglign r

40K contaminations on the crystals and copper surfaces wersiadered in order to account for
the 1460 keV line. Bulk contaminations in the crystals as®glossible sources 6fK but they
would generate a peak at 1463 keV. The 3 keV energy differéooe the nominal value is due to
the inclusion of a 3 keV X-ray, that for decays occurring ia thystals bulk has a small probability
to escape from the detector. This fact doesn’t excttiiebulk contaminations of the crystals as
a possible source, but give indications of the fact that austin’'t be the dominant contribution to
the °K peak at 1460 keV. In addition the detection of the electresoaiated to the beta decay
would increase the continuum in the energy spectrum to & hegker than the measured one. High
contribution to the background due K bulk contaminations of the crystals must therefore be
exscluded. Bulk’K contaminations of the other experimental materials can abntribute to the
1460 keV line intensity and are therefore considered asipessources.

Other sources we have taken into account are bulk contaimnsain 23U , 232Th , 21°Pb of
all the copper experimental parts (copper holder and mogr#iructure, thermal shields, cryostat
shields), in the internal roman lead shield and also in 10 Ethe external lead shield (we have
limited our analysis to 10 cm because the simulation of deepetamination in the external lead
shield would have required too much time in order to obtain@dgstatistics). Bulk contaminations
of ®*Co due to cosmogenic activation in the crystals and in th@eoparts were also considered as
possible sources of background. The fluxes of environmeatibactivity measured in the LNGS
have also been taken into account. The evaluated contiibtdithe measured background due to
this source has been evaluated to be negligible.

The analysis of the measured background spectrum in theeeatergy range (i.e. 10 keV-10
MeV) by means of the minimization procedure (mc2exp) pented taking into account all the above
guoted radioactive sources, led to the following conclasio

87



e the threshold energy region (i.e. between 10 and 100 ke\ihsée be dominated byZa°Pb
surface contamination located either on the crystals sed@d on the Cu mounting box sur-
face. This contamination is clearly identified on the basithe 46 keV peak and of the 5.3
and 5.4 MeV alpha lines, whose intensities are compatibtke $#iPb contamination not in
secular equilibrium with thé&*®U chain;

e the continuum in the energy region between 100 and 1500 kemsé¢o be determined by a
40K surface contamination of the crystals and/or of the coppaunting structure and holder;

¢ the gamma peaks above 500 keV of the?**U and?*?Th chains and the twéfCo peaks at
1173 and 1332 keV are mainly due to sources outside the detéldtis result is confirmed
by the reduction observed in the peaks intensity after tbeeasing of the roman lead shield
in the second run of the experiment (Tab. 6.7). The value ®fetivironmental gamma flux
in the underground laboratory, measured with Ge detecsbicjase to our experimental setup
led us to rule out this possible source for the high energymarmes arising front**U and
22Th chains. According to the Montecarlo simulation, the aonination responsible for these
peaks could reasonably be the sum of the contamination axieenal lead shield and of the
various thermal shields that surround our detector.

¢ the alpha peaks of tHé*U and?*?Th chains, clearly visible in the background spectrum above
4 MeV, can be ascribed to surface contamination of the ds/stEhe reduction observed in
their intensities in the second run is coherent with theamgrtreatment of the crystals;

e 238U and?*?Th gamma peaks below 500 keV are ascribed to surface contaminations of the
copper mounting structure;

e low intensities gamma lines of rather short living isotopes explained by the cosmogenic
activation of both copper and tellurium.

e sources responsible of the background measured in thedDBDBergy region ar&8U , 238U -
B0Th, and®*2Th surface contaminations of the crystals and of the coppleien and mounting
structure (alpha, beta and gamma emissions from thesescbaiirtribute to the background)
and?32Th contaminations external to the detector structure (tmygamma emission from
this chain can contribute to the background in the DBDegion, mainly through the 2615
keV line of 2%8T1).

According to our Montecarlo simulation of the MiDBD detexspthe foregoing sources can
completely account for the observed background (peaks @amihcium), measured in the two runs.

The contribution to the DBOv energy region arising fror®2Th contaminations external to
the detector structure is evaluated on the basis of theratibn spectrum obtained with an external
232Th source located just outside the cryostat. The shape céiliwation spectrum is in fact in good
agreement with the shape of the simulated spectra for reiiied®*?Th contaminations distributed
over the cryostat thermal shields. The ratio between tha afé®®Tl line at 2615 keV and the
integral in the DBMwv region observed in calibration is 342. When compared with the 2615 keV
rate observed in the background spectrum (129 counts/kihyig) translates into a contribution of
0.11 counts/keV/kgly which is'20% of the total DBDv background rate.

In Fig. (6.13) the contribution to the DBI> energy region from the contamination responsible
for the alpha peaks (blue), for the continuum above 3 MeV)(eedl for the gamma region back-
ground (green) are shown. The results of the performed sisadye summarized in Tab.( 6.8). The
clear correlation between the reduction factors in the DBBnd in the 3-4 MeV energy regions,
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Figure 6.13: Different contributions to the DB® energy region background: contamination responsible
or the alpha peaks(blue), for the continuum above 3 MeV @ed)for the gamma region background (green)
are shown. In black the measured background in this regicimasvn.

obtained after the surface treatments of the crystals atiteafopper mounting structure and holder
(Tab. 6.7) is a further prove of the reliability of the obtadhresults.

Table 6.8:Estimate of the weight of the different sources respongdriehe background measured in the
MiDBD-I run.

Source 208T|  DBDOv region 3-4 MeV region
TeO, 238U and?*?Th surface contamination - 4610% 33t 10%
Cu?38U and?*?Th surface contamination ~10% 34+ 10% 67 20%
232Th contamination of cryostat Cu shields~90% 20k 5% -

6.5 Contamination levels for the experimental materials

The analysis performed up to now allowed us to obtain verjulisesults. Through it we have been
able to identify the main sources responsible of the medsusekground and to evaluate the main
contributions to the background in the different energyaeg. As it was explained in section (5.6)
the quantitative values of the contamination levels of tagous experimental parts and materials
that we can obtain from this procedure, are strongly dep#nole the simulated spectra used to
reproduce the the experimental spetrum.

For this reasons we have evaluated upper values for the 90%iQits for bulk and surface
contaminations irf3¥U , 232Th , K , ®°Co and?'°Pb of the TeQ@ crystals, the copper and the
roman lead used in MiDBD-I and MiDBD-II by direct comparisbetween measured and simulated
spectrum for each contaminant in each experimental pat €19).
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Bulk contaminations

TeG, Copper Roman lead
232Th 238U 40K GOCO 210Pb 232Th 238U 4OK GOCO 232Th 238U 40K 210Pb
pg/g pg/g pg/g uBa/kg pBa/kg | pg/g  pg/g pg/g pBa/kg | pg/g pg/g pg/lg mBag/kg
MiDBD-I <l.2 <0.8 <25 <238 <78 | <36 <5.7 <30 <237 | <27 <10 <19 <360
MiDBD-Il | <0.6 <0.1 <15 <167 <15| <14 <55 <8.2 <187| <12 <3 <2.8 <245
Surface contaminations
TeG, Copper
232Th 238U 40K 210Pb 232Th 238U 4OK 210Pb
uBglcn?  pBg/cn?  pBg/en?  pBg/en? | uBg/en?  uBg/en?  uBglcn?  uBg/cnt
MiDBD-I <0.04 <0.07 <5.9 <0.4 <0.2 <0.14 <13.6 <1
MiDBD-II <0.02 <0.07 <3 <0.08 <0.09 <0.07 <3.6 <0.6

Table 6.9: Estimate of the upper 90% C.L. limits for bulk and surfacetanrinations of Te® crystals, copper and roman lead used in MiDBD-I and

MiDBD-II.



Chapter 7

Cuoricino background analysis

Introduction

The experience gained with MiDBD-I, MiDBD-II and with the H&carried out in the hall C
of LNGS, with respect to detector optimization and backgaidentification and reduction, was
of fundamental importance for the following bigger expeemh CUORICINO. As already quoted,
while being a self-consistent experiment for the DBD resleaCUORICINO finds its place in the
CUORE project as a test facility intended to verify the tachhfeasibility of CUORE. The particu-
lar care devoted to materials selection and surfaces dgamakes CUORICINO also a fundamental
test with respect to background understanding and reductio

7.1 Data and detector performances

CUORICINO was cooled down at the beginning of 2003. Durirggdboling procedure some of the
signal wires disconnected so that in the first run only 32 efitinge crystals and 16 of the small ones
could be read, resulting in an active mass of 8.73 kg4ife .

The performance in the first run of the electrically conneéatetectors was quite good: the
average FWHM resolution measured during the calibratigh@fletectors with #2Th source was
~ 7 keV for the big crystals, and 9 keV for the small crystals. Both these values were measamed
the 28Tl gamma line at 2615 keV. An evaluation of the average FWH#Sbhation at low energy in
a calibration measurement is not possible since the ratilleaource used for calibration is located
far away from the detectors and low energy gammas arre ad$tdfore reaching them. The sum
calibration spectra of all the operating large and smabtadg are shown in Fig.( 7.1).

The detectors response and FWHM, evaluated in calibradi@shown in Tab. (7.1) and Tab. (7.2).
The distributions of the single detector energy responsdoathe energy resolutions are shown in
Fig. (7.2). In spite of the larger mass, the detector peréomoes measured in CUORICINO are com-
parable to the ones obtained in the MiDBD experiment. We dibale expected a worsening in the
energy resolution due to the larger mass of the detectorsne&rase of the detector mass implies
in fact an increase of the heat capacity and hence a redustithre signal amplitude. The perfor-
mances measured for the CUORICIN@%Bx5 cn? detectors have shown that this fact influences
only marginally the energy resolution in the DBDenergy region.

On April 19th 2003 the first background measurement starfd live time was~ 72%, in-
cluding the time required for the periodic calibration (akbyevery 15 days) of the detectors. The
performance of the large size crystals during the entirewas quite good but three detectors that
have not been used to compute the background. Indeed twataistshowed cross talk and a third
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Figure 7.1: Summed calibration spectrumd®{Th source just outside the cryostat) from all the operating
5x5x5 cm? and 3x3x 6 cn? crystals.

had excessive spurious noise. Therefore we used only 2®dathe crystals for background stud-
ies. As respect to the small crystals, one detector showediaion in the reference pulse position
after some weeks of measuring and one of the two central tdetdtad its Si heater disconnected.
Therefore the number of well-working<8x 6 cm? detectors was reduced to 11 natural crystals and
4 enriched ones.

At the end of October 2003 CUORICINO was stopped to underdistantial operations of
maintenance and to recover the lost electrical connectiadshence increase the number of work-
ing detectors. The technical problem responsible for teeatinection of the wires was identified
and in November 2003 the array was warmed to room tempertiuapair the lost connections.
The disconnected wires were recovered, and some cryogebtem solved. These operations re-
quired a few months and at the end of April CUORICINO startddrtg data again. Unfortunately
two of the 5x5x5 cn? crystal wire connections had broken during the cooling doictually we
have 42 big crystals over 44 and all the 18 small crystals imgrkThe active mass actually working
corresponds therefore to 11.3 kg'éffTe .Unfortunately two %5x5 cm? and one % 3x6 cn? crys-
tals cannot be computed to evaluate the background. Oneysitathas in fact high spurious noise,
while another x5x5 cn? crystal and one 83x6 cn? crystal have the silicon heater disconnected.
The disconnected Si heater could not be in fact restorede ghis operation would have required
the opening of the entire tower copper box. Therefore thebmirof well-working detectors was
reduced to 40 over 44>&%x5 cn? crystals and 13 natural and 4 enriched over X886 cnm?
crystals.

The collected statistics in this second run is 1.35/Kgr the 5<5x5 cn? and 0.19 kgy for the
3x3x6 cm® crystals respectively. The average FWHM resolution meabkduring the calibration
of the detectors with &2Th source was- 8 keV for the big crystals, anet 11 keV for the small
crystals. The performance of the detectors during the skcon are summarized in Tab. (7.1)
and (7.2) and the distributions of the pulse height and aeeFAVHM (calculated at the 2615 keV
calibration line) evaluated for the x5 cm® and the X3x6 cn?¥ crystals are shown Fig. (7.4).
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5x5x5 CUORICINO crystals - runll
crystal Pulse height*kg FWHM(@2615)

uwVIMeV*kg keV
5x5x5 CUORICINO crystals - runl ggg 18281 g%
crystal Pulse height*kg FWHM(@2615) B62 69 4'93
uVIMeV*kg keV B56 91 5.08
B15 185 14 '
B43 331 8.86
B47 130 17.2
B42 52 7.79
B7 152 7.3
B60 77 75 B23 61 7.95
' B15 207 10.4
B56 102 6.4
B46 60 71 B31 245 5.96
B28 50 7'2 B14 132 5.73
B42 46 6.8 B24 115 5.34
' B25 204 171
B29 133 5.1
B47 137
B27 38 7.7
B46 67 7.07
B44 220 6
B28 62 6.06
B51 103 9.8
B29 151 9.42
B36 56 8.8
B27 43 6.16
B18 104 7
B13 100 7 B40 69 7.28
B18 124 8.97
B55 138 10.2
B13 106 7.77
B16 277 6.2
B35 65 13.21
B54 222 5.6
B55 147 7.47
B31 198 5.6
B12 46 75 B16 296 7.37
' B30 234 7.61
B52 286 7.2
B54 229 5.59
B41 212 8.7
B57 50 7 B32 207 8.23
B26 81 54 B12 52 5.67
' B52 216 5.83
B10 102 5.8
B40 53 53 B53 193 7.17
' B41 212 16.17
B37 41 11.9
B34 75 10.39
B17 43 11.9
B57 49
B45 52 53
B61 98 71 B36 44 11.6
: B26 132 5.97
B53 237 5
B34 53 57 B17 50 11.5
- B37 87 13.12
B49 71 19.69
B45 77 57
B61 119 7.79

Table 7.1: Detector performances in the first (left) and in the secorigh¢) run of CUORICINO for the
5x5x5 cm crystals.
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3x3x6 CUORICINO crystals - runl 3x3x6 CUORICINO crystals - runll
crystal Pulse height*kg FWHM(@2615) crystal Pulse heighttkg FWHM(@2615)

uVIMeV*kg keV uwVIMeV*kg keV
5 81 9.5 6 129 10
130-2 21 18.8 B 96 8.67
F 161 7.8 16 104 20
2 76 8.3 H 62 9.21
130-1 15 135 5 89 13.02
128-2 37 12.8 130-2 24 16.12
4 130 7.9 F 176 6.93
6 103 7.7 2 92 7.33
B 85 9.8 130-1 18 14.1
16 103 135 128-2 38 16.7
0 55 13.1 4 152 8.46
I 126 4.6 I 148 5.25
E 82 7.1 E 92 6.77
13 82 6.2 13 93 6.87
14 21 128-1 17 13.56
128-1 12 8.7 9 208 8.15
9 165 8.1 0 79 12.23

Table 7.2: Detector performances in the first (left) and in the secorigh¢) run of CUORICINO for the
3x3x6 cm crystals.

7.2 DBD results

The effective exposure totalled with CUORICINO until Jur®2 is of~4.76 kgy and~0.53 kgy
for the 5x5x5 cn? and the %k 3x 6 c? crystals respectively. No peak appears in the anticoimciele
background spectrum in correspondence of'ti&e DBDOv searched line at 2528 keV (see Fig.
7.5).

Using a Maximum Likelihood procedure [112, 3] to evaluate thaximum number of DBOv
events compatible with the measured background, it wasigess set a lower limit on thé*Te
halflife for the DB of 1.0 x 13 years at 9%C.L. The corresponding upper bound on the Ma-
jorana effective mass ranges from 0.26 to 1.45 eV dependirip@® QRPA nuclear model used to
make the calculation (these models seem the most suitabte&vyy nuclei). The reported data al-
ready show that CUORICINO is a competitive experiment infiblel of Neutrinoless Double Beta
Decay [116]. Once completely working CUORICINO will have gé&ar sensitivity (at 68% C.L.)
of about 7.8 x 18 year for the33(0v) of *9Te . This means that CUORICINO will be able to test
the Majorana mass in the 100-500 meV range.

7.3 Background results

The background spectra corresponding to the data collestéte first run of CUORICINO, on
which the following analysis has been performed, are shoviAig. (7.3) and Fig. (7.7). The gamma
lines due to the single isotop&Co, *°K and to the?**U and?*?Th chains are clearly visible. Also
visible are the gamma lines due to Te activatiGhie, 121 Te, 12*mTe, 2™ Te and'?""Te) and those
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Figure 7.2:Distribution of the single CUORICINO detector energy raspes normalized to 1 kg of TeO
(left) and energy resolutions (FWHM) at the?® 2615 keV line(right) in the first run.
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Figure 7.3:Summed background spectra from the operating 5x5X5(@ft) and natural 3x3x6 cécrystals
(right).

due to Cu activation’{Co, ¥Co, %°Co and®*Mn) by cosmic ray neutrons while above ground.

The FWHM resolution of %5x5 cm® detectors at low energy, as evaluated on the 122 keV
gamma line of”Co, is~2.8 keV. The energy resolution in the DBDenergy region is evaluated on
the 2615 keV line of%TlI, clearly visible in the background sum spectrum and it sk&V FWHM.
The background in the DBI» region (i.e. 2510-2580 keV) is 0.10 0.03 counts/keV/kgly.

As respect to the 83x6 cn? crystals the statistical accuracy is much less, neverthelee
gamma lines are clearly visible in the background sum spectrThe FWHM resolution at low
energy is~1.5 keV. The FWHM resolution on th& Tl gamma line at 2615 keV is evaluated to
be of about 12 keV (this value has a large uncertainty dued@tior statistical significance of the
peak). The background in the DBD region (i.e. 2510-2580 keV) is 0.22 0.1 counts/keV/kgly.

Because of the low collected statistics, it's quite difficial evaluate the possible background
sources. It's however possible to extrapolate some coradidas from the analysis of the sum
spectra of the operating crystals.

The measured background spectra for thé &5 cm?® and 3<3x6 cm?® CUORICINO crystals
are compared in Fig. (7.7). General spectral shapes andieguates (when normalized to the mass
of the crystals) are quite similar. As respect to the gammesli as it can be seen from Tab.( 7.3),
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Figure 7.4:Distribution of the single CUORICINO detector energy raspes normalized to 1 kg of TeO
(left) and energy resolutions (FWHM) at the?®1 2615 keV line(right) in the second run.

the 2°8T| 2615 keV line has and intensity per unit mass that scalés thie Montecarlo calculated
efficiency of the two kinds of detectors for contaminatioasdlized in the external parts of the
cryostat. The®K 1460 keV line and the two lines at 1173 and 1332 ke\f’@o have compatible
intensities per unit mass in the two kind of crystals. Thffedénce in the behavior of the considered
lines gives indication a different localization of the soes.

gamma lines CUORICINO-65x5 cn? CUORICINO-3x3x6 cn?
Energy(keV) Isotope c/h/kg c/h/kg
1173 60Co 1.85E-02 9.68E-04 1.58E-0% 4.53E-03
1333 60Co 1.90E-02 9.29E-04 2.19E-02 3.21E-03
1461 40K 3.98E-02 1.24E-03 3.34E-0% 3.77E-03
1764 214Bi 1.75E-02 8.23E-04 1.41E-0% 2.44E-03
2615 208TI 9.16E-0% 5.71E-04 4.18E-03 1.40E-03

Table 7.3:Main gamma lines intensity of CUORICINO for the5x5 cn?* and the 3«3x6 cn? crysrtals

In Fig. 7.7b the comparison between the background spetBa 5x5 cm® and 3<3x6 cn?
CUORICINO crystals in the alpha region is shown. The backgdbin this region seems to be a
bit higher for the small crystals than for the big ones. Inhbibie spectra is clearly visible a line at
~3250 keV, due probably to a bulk contamination of the crgsitat®°Pt.

By comparing the measured background in MiDBD and CUORICIN® possible to test the
effectiveness of the modifications made in CUORICINO witbpect to surface treatments and
materials selection. In Tab. (6.5) the gamma lines intgmaikasured in CUORICINO, MiDBD-
| and MiDBD-II are compared. Gamma peaks due to natural eadidity of 232Th , 238U and*’K
have a higher intensity in CUORICINO, probably due to theucsdi roman lead shield thickness.
Also copper activation gamma lines have a higher intensitCORICINO, probably owing to
the longer exposure to cosmic rays of the copper thermaldshad CUORICINO. On the contrary
tellurium activation gamma lines have a smaller intensitC UORICINO than in MiDBD-II, since
much care has been devoted in CUORICINO to avoid a long etipogf the crystals to cosmic
rays.

In Tab. 7.4 and Fig. (7.6) the counting rate in different ggeegions and the background spectra
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Figure 7.5: Summed background spectrum from all the operating crystathe region of neutrinoless
double beta decay df°Te (Q-value=2528.8 keV).

(2+5 MeV) measured with MiDBD-II and with the>85x5 cn? and 3x3x6 cn? CUORICINO
crystals are compared. It is clearly evident that a big impneent was obtained in the alpha and in
the 3-4 MeV region, where, once subtracted the contribuliom to the!*°Pt line, the background
is mainly dominated by surface contaminations. The redwoedribution from these sources has
given also an improvement in the 2-3 MeV region, where a rédnof ~30% in the counting rates
per unit mass either of the small and of the large crystaldbiained, despite the reduced internal
lead shield used in CUORICINO with respect to MiDBD-Il . Thmpgrovements observed in the
CUORICINO background can be probably ascribed to the seti@atments of the copper structure
and of the crystals. As it can be seen from Fig. (7.5), in th©®WUCINO background spectrum of
the 5x5x5 cn? crystals thé°Co sum gamma line at 2505 keV is visible . This fact is proballg

to the lower background level reached in CUORICINO with exggo MiDBD and to the higher
rate of the’*Co lines measured in the CUORICING<5x5 cm?® crystals.

With better statistical accuracy it will be possible to aizalthe reasons for the variation observed
in the counting rates of MiDBD and CUORICINO and also for thi#edences between small and
large crystals. To accomplish that, it is indeed necessaigentangle the different sources of
background by considering the counting rates in small (agwifscant) regions. This is the case,
for example, of the energy interval between the two gamméspat2448 and 2615 ke\W3¢U and
22Th chains respectively). Indeed this is the energy regioara/the DBDv line should appear.
Here we expect two main contributions to background: onenfoegraded alpha particles from
surface contaminations, the other from the multi-Compteenes of the?®TI gammas from both
bulk and surface contaminations 4 Th . Another interesting region is the one just above the
208T| 2615 keV line, where background sources should be limitesurface contaminations. By
disentangling the sources responsible of contributiortkigregion (surface contaminations of the
crystals or of the materials directly facing them) it shobklin principle possible to extrapolate
the contributions to the DB energy region due to these sources. The two central crystals
the 9 crystals modules were intended to disentangle thegbagkd contributions due to surface
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Figure 7.6:Comparisons between the background spectra of MiDBD-#afl and of the %5x5 cn? (upper
plot) and 3x3x6 cn? (lower plot) CUORICINO crystals.

contaminations of the TeQcrystals from that of the copper mounting structure. Indéedtwo
central crystals face a copper surface that&times smaller than the one faced by the crystals
placed at the edges of the modules. This kind of analysisinesja good statistical accuracy in
the 3-5 MeV region, with a good calibration of the detectorsrein the alpha region. Presently
we do not meet these requirements, so this kind of analysisdiée postponed. It should be
stressed, moreover, that the effect of disconnected aesect reducing the efficiency of the anti-
coincidence cut is not negligible. With the increase of th&JRICINO statistical accuracy and the
gain in coincidence efficiency that we expect with all theed&drs working, we will have higher
possibilities to disentangle the different sources of thekiground.

counts/keV/kglyear 1-2MeV  2-3MeV  3-4MeV  3-4 MeV{’Pt) 4-5MeV

MiDBD-II 3.14+0.08 0.5%0.04 0.3:0.03 0.220.03 1.85:0.06
3x3x6 natural 3.280.11 0.340.04 0.24t0.03 0.22£0.04 0.79£0.05
5x5x5 3.92£0.03 0.45:0.01 0.21%0.01 0.14:0.01 0.550.01

Table 7.4:Counting rates per unit mass in MiDBD-II and in CUORICINO.

Finally as respect to the 4 enriched crystals we have founinanovement in the measured
background. They show in fact a considerable reductiorh@btder of 20%) of their counting rates
between 1 and 3 MeV. The alpha peaks counting rate in themdg®MeV also show a considerable
reduction (Fig. 7.8). Thé’K line now seems to have a similar counting rate in the fouedets
while in MiDBD-II we had an excess in one of th&¢Te enriched crystals (Fig. 7.9). A longer
measurement is however required to improve the evaluateatu€ing the statistical and systematic
errors) obtained with the MiDBD-II data for the DBD half-life (Tab. 6.3).
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riched crystals background.

7.4 Background analysis

A background model able to describe the observed specternmstof environmental radioactiv-
ity, radioactive bulk contaminations of the whole detecetup (cryostat, shields and detector) and
surface contaminations of the materials directly facirgditector (mainly Cu detector holder and
TeO, crystals) was developed. Supported by detailed Montesarialations of the detector geome-
try, this model allowed us to account for the backgroundKpead continuum) measured in the two
MiDBD runs (see chapter 6). We have used this same backgroade! with the geometry of the
CUORICINO setup, to disentangle the origin of the backgrbemeasured with this experiment. Be-
cause of the poor statistical significance of the data sooléeated, the analysis is preliminar (it was
in particular limited to the %5x5 cm? detectors for which the statistical accuracy is betterneve
if its results already tend to identify the most importanases of the CUORICINO background
giving also a first quantitative guess of their relevance.

The analysis is based on both the coincidence and the amtidence spectra collected with the
5x5x5 cm? detectors during the first run of CUORICINO and is mainly dedoto the study of
the different contributions to the background in the DBnergy region. A good calibration up to
the alpha region is fundamental, since the shape and thiquosf the peaks can give us important
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Figure 7.10:Comparison between spectra obtained with different liresdiion methods. The appearence of
clear alpha structures with the power law method is evident.

informations to localize and disentangle the differentrses of background. The techniques used in
MiDBD-I and MiDBD-II to evaluate the relationship betweenlpe amplitude and particle energy
(AV, E) were based on theoretical detector models or polynomgal Tihese linearization methods
give good results in interpolation (as proved by the goodgneesolution of the gamma peaks
in the sum spectra) but very bad results in extrapolationouth¢ alpha region (extremely large
alpha peaks) if no alpha peak is included. The low rate oft¥feo alpha line measured with the
CUORICINO crystals, prevented us in using it for the lingation. A new linearization technique
based on a power low fit of the calibration points has then bested. This new method has given
rather good results in interpolation (even if poorer thathwie previous two models) but better
results in extrapolation with respect to the other methoHise anticoincidence sum spectrum of
5x5x5 cn? detectors calibrated in this way is compared in Fig. (7.1iff) the analogous spectrum
calibrated only with gamma lines and assuming a polynoreiationship between pulse amplitude
and particle energy.
The two most probable sources of the background measurée IDBDOv energy region have
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been taken into account to study its origin: surface contations that mainly contribute via energy
degraded alpha and beta particles, and bulk contaminabiofi$Th that contribute via the multi-
Compton events of the 2615 keV line.

As already mentioned in previous discussions, alpha aral faticles, produced by environ-
mental radioactivity, can give important contributiongte background above 3 MeV. Because of
their low range these particles can only be emitted by seuimeated either in the crystals or on
the surfaces of the materials directly facing the cryst#te copper holder or small components
placed near the detectors or on the crystal surface sucted$TtbB thermistor, the Si heater, their
gold wires, the glue and other smaller parts. Montecarlaktions of the coincidence and anti-
coincidence sum spectra of the5x5 cn? detectors produced by radioactive contaminations of the
above mentioned elements have been obtained using our GEAASed code. These spectra have
been compared with the measured ones in order to identifgdtual contaminations responsible of
the measured background.

Alpha peaks

As a first step bulk and surface contaminations of the crystave been considered. Both these con-
taminations give rise to peaks (centered at the transiti@ngy of the decay) in the anticoincidence
spectrum, but in the case of bulk contaminations these @akgaussian and symmetric while in the
case of surface contaminations the peaks show a low eneldwith a shape that depends on the
depth and density profile assumed for the contaminationth®ugontrary, the only possible sources
contributing to the coincidence spectrum are the surfanéaooinations of the crystals. The general
shape and the structures appearing in the coincidencerspestrongly depend on the depth and
density profile assumed for the contamination (an expoakntiecreasing function characterized
by a depth\: p(z) = A e **). The results of the comparison between Montecarlo sinaratand
measured spectra allow to prove that the alpha peaks of timertidence spectrum of CUORI-
CINO are due to a surface (and not buidTh and?*®*U contamination of the crystals with the only
exception of the 5.3 and 5.4 MeAPPo lines. The first must be ascribed t&%Pb surface contami-
nation of the copper holder, while the 5.4 MeV line must beiasd to a?'°Po bulk contamination
of the crystals . The observed decreasing intensity of theV®eV line during time is in fact in
good agreement with thé°Po half-life, proving that it is due to #°Po contamination not in secu-
lar equilibrium with the?3U chain. The existence of this contamination was also olesefor the
MiDBD crystals as soon as they arrived from China. This sigreacan therefore to be ascribed to a
210pg contamination of the tellurium powder from which the tayswere grown and to a possible
contamination of the crystals during their production. Buthe short lifetime of'°Po this contam-
ination undergoes a fast decrease in time. It is thereforearsidered an important contribution in
CUORE background studies.

We have tested different contaminations depths foftHg and?32Th surface contaminations of
the crystals. The shape of the peaks in the anticoincidgresgrsim and the shape of the coincidence
spectrum is fully accounted for when a surface contaminatepth of the order of &m is assumed.
As shown in Fig. (7.11) the identified crystal contaminasigield a satisfactory explanation of the
coincidence spectrum.

Energy region above 3 MeV

Some contribution to the continuous part of the anticoienak spectrum seems still missing.
In order to explain this continuum, a further source, notgbuating to the coincidence spectrum,
has to be considered. We have considered various possiyteesdor this background, as previously
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Figure 7.11: Comparison between Montecarlo and CUORICINO anticoinuige (top) and coincidence
(bottom) spectra in the case of Te€@rystal surface contaminations (~ 1um).

done for MiDBD, such as neutrons and muon induced neutrodsbatk contamination of small
components closed to the detectors (Teflon spacers, NTnisters, Si heaters).We have finally
focalized our attention to sources responsible of degralpdth and beta particles, that means surface
contaminations of the materials facing the detectors. Thstmrobable source is?8Th or 238U
contamination (including the possible break of the secatarilibrium that in the most common
case is represented BYPb contaminations). Since the material with the biggeramarfacing the
crystals is the copper mounting structure we have focalmedstudy to the simulation of surface
contaminations of this experimental component (Fig. 7.&2¢n if other parts, with bigger surface
contamination density, could give contributions to the suead background in this energy region.
The depth of the contamination should be of the ordexbfum (a deeper contamination would
produce too high gamma peaks (when normalized in order tousatdor the continuum rate in the
3-4 MeV region) while a thinner contamination would giveert® structures in the anticoincidence
spectrum) with a total activity in the first 1,/am of the order of 10 g/g either in?*8U or 232Th or
both.

Unfortunately no direct check of the obtained results islalsée, since surface contaminations
of the copper parts give rise just to a flat continuum in thecaimcidence energy spectrum, and
no alpha peak is produced. Low energy gamma peaks intenséiebe used to set a limit on such
contaminations, but does not give indication to estabfiftieir origin is a bulk or a surface contam-
ination. More statistics and at the same time independeasurements are necessary in order to
evaluate the surface contaminations of the experimenttd gaiectly facing the detectors and prove
or reject the hypothesis of a main contribution coming franface contaminations of the copper
structure. On this purpose Inductive Coupled Plasma Masst&scopy (ICPMS) measurements
of the copper parts treated and handled with the same proeedsed for CUORICINO are under
work. Preliminary results give indications of surface @mninations in a layer of somem depth of
the order of 10 g/g either in?38U or 222Th , in good agreement with our background model.

More sensitive and accurate measurements, able to acdsambesurface contaminations of the
small parts facing the detectors (teflon spacers, gold wit@¥ need also to be performed, in order
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to safely exclude relevant contributions arising from thesmponents. Measurements performed at
LNBL gave in fact indications of a not negligible contamiiatof the teflon, used for the realization
of the CUORICINO spacers. The amount of teflon facing thetafgseven if reduced with respect
to MiDBD-I, is still not negligible and could represent anportant source of background.

Contributions to the DBDOv energy region

In order to quantify the different contributions to the D&bregion background, we need to eval-
uate the rate arising from the multi Compton scattering etfTl gamma at 2615 keV. Also for
CUORICINO the analysis of the relative intensity of the gaaiimes belonging to th&2Th chain,
give indications of a contamination localized far away frtme detectors. As previously done for
MiDBD, the contribution in the DBD® region due to this source, has been evaluated from the ratio
observed in calibration between the are2%Tl line at 2615 keV and the integral in the DBD
region (Fig. 7.13).

The contributions evaluated for the DBDand the 3-4 MeV energy region from the identified
sources, are summarized in Tab. (7.5). The correspondatdromation levels for crystals and cop-
per structure surfaces, evaluated by means of Montecanalations of the CUORICINO detector,
are reported in Tab. (7.6). In evaluating these contanundévels we have attributed the crystals
contribution to?**U and the copper contribution half #?Th and half to**®U surface contamina-
tions.
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spectrum.

Source 28T1  3B(0v) region 3-4 MeV region
TeO, #**U and?3*2Th surface contamination - 1010% 20t 10%
Cu 238U and?*?Th surface contamination ~15% 50t 20% 80t 10%

232Th contamination of cryostat Cu shields~85% 40t 10% -

Table 7.5:Estimate of the weight of the different sources responéiblthe background measured in the first
run of CUORICINO.

Source Contribution to the DB bkg Contamination

c/keVikgly Bag/cnt
Te(,-U238 0.02+ 0.01 1.9E-08+ 9.8E-09
Cu-U238 0.05+ 0.02 4. 9E-08t 1.9E-08
Cu-Th232 0.05+ 0.02 3.4E-08t 1.3E-08

Table 7.6: Estimate surface contamination levels for CUORICINO aigsnd copper mounting structure.
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Chapter 8
R&D and perspectives for CUORE

Introduction

As discussed in the previous sections, a number of receotdtieal interpretations of atmospheric,
solar and accelerator neutrino experiments imply that ffexteve Majorana mass of the electron
neutrino|(m,)| , could be in the range 0.01 eV to the present bounds.

The CUORE project originates as a natural extension of teeessful MiDBD and CUORI-
CINO 3%Te experiments, described before, with the objective ohgao larger detector masses
and of improving the sensitivity achieved in the smalleagst The good results obtained so far
prove that the bolometric technique, although novel, ispetitive and alternative to the traditional
calorimetric Ge technique.

Due to the low rates of the searched process, the essemfiatement of experiments devoted
to this research is to achieve extremely low radioactivékgamind rates and large masses. Accord-
ingly, the use of radiopure detector components and shigidithe development of methods and
instrumentations for background identification, the operain an ultra-low background environ-
ment or the use of the state-of-the-art of low backgroundriepies, is mandatory. The construction
of the CUORE detector will require about five years; a deéd&®&D is foreseen, aiming at reduc-
ing as much as possible the background sources that coutdiesensitivity of the experiment.

8.1 What can we learn from MiDBD and CUORICINO?

The material selection and the surface treatments pertbiith the CUORICINO detector led to
a background in the DB region improved by a factor 1.5 with respect to the one meakur
MiDBD-II. This fact and the background study performed oa MiDBD and CUORICINO data
have shed light on how the radioactive sources, dominatiagegion of interest, are due to bulk
and surface contaminations of the constructing materials.

The goal of CUORE is to achieve a background rate in the rar@s@o 0.01 counts/(ke¥g-y)
at the DBy transition energy of*°Te (2528.8 keV). An evaluation of the background reachable
with CUORE can be obtained by means of a GEANT4 based code,tabseproduce the events
expected in the CUORE detector for radioactive contanmnatsimulated in the various experimen-
tal parts. A real prediction of CUORE background would begides only when we will have a
complete knowledge of the intensities and distributionalbthe background sources (radioactive
contaminations of all the materials and of the cryostatwhihbe actually used in CUORE, materials
exposure to cosmic rays, etc.). At the moment we miss sewdogimations but we can in any case
evaluate the background reachable with CUORE on the basiediackground model developed
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for MiDBD and CUORICINO and on the basis of the radioactivateminations measured so far
for the various materials commercially at our disposal.

Due to its ability in evaluating the contributions expecteain the different experimental ma-
terial contaminations to the CUORE background, the dewald@ontecarlo method is also a very
useful tool with respect to:

e material selectionwe want to evaluate the intrinsic radiopurity levels neaeg$or the var-
ious experimental materials in order to reach with CUOREr#wiired sensitivity. With the
use of the Montecarlo developed method, we can in fact ifyethi experimental parts whose
contaminations could give high contributions to the CUOREKground in the DBDv energy
region and for which it is therefore necessary a very acewsalection, with high sensitivity
measuring techiques. At the same time we can identify thesmadd for which this is not
necessary, thus leaving a bigger flexibility in the choicthefmaterials and permitting to save
time and money.

e material surface treatmentthe extrapolation of the background attainable in CUOREh wit
the surface contaminations evaluated in MiDBD and CUORICQIN a good starting point to
know the reduction we need in the surface contaminatioridedethe various materials in
order to reach the wanted background level. Appropriatiaseartreatments and measuring
techniques sensitive to very low surface radioactivitele\are therefore necessary.

e detector geometry and shields optimizatiomith the use of Montecarlo simulations of the
CUORE detector we can test different geometries for thectigtarray and shieldings, in order
to evaluate the best experimental setup with respect toaative background suppression and
mechanical feasibility;

e underground storage requirementsy means of specific codes we can evaluate the cosmic ray
induced radioactivity in the CUORE crystals and copper fffecent exposure to the cosmic
radiation and different underground storage times. We learefore optimize the production,
assembling and storage procedure of the ;Te@stals and of the copper parts in order to
reduce the cosmogenic activation.

8.2 Background evaluation

The code used to evaluate the background attainable in CU®B&Sed on the GEANT-4 package.
It models the shields, the cryostat, the detector stru@ntcethe detector array. Even the smallest
details of the detector apparatus (copper frames, scregvalsvires, NTD thermistors, etc.) and of
the cryogenic setup were taken into account. In order to meehanical feasibility requirements for
the cryostat, in addition to the first chosen cubical stmectif the detector, a cylindrical structure has
also been simulated. Like the Montecarlo code used in thgsisaf the MiDBD and CUORICINO
background, also the one used for CUORE includes the préipagaf photons, electrons, alpha
particles and heavy ions (nuclear recoils from alpha emigsas well as neutrons and muons. For
radioactive chains or radioactive isotopes alpha, betagamima/X rays emissions are considered,
according to their branching ratios. The time structurehef decay chains is taken into account
and the transport of nuclear recoils from alpha emissiomscisded. The considered background
sources are:

1. bulk and surface contamination of the construction neterlocated inside the outer lead
shield. The considered contaminants &f&J) , 222Th chains and’K and?!°Pb isotopes;
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2. bulk contamination of construction materials due to cogemic activation;
3. neutron and muon flux in the Gran Sasso Laboratory;

4. gamma ray flux from natural radioactivity in the Gran Sdsslooratory;

5. background from the DBE» decay.

As explained in section (4.2%8U , 232Th , 0K , 219Pb are the radioactive contaminants that
are most commonly found in nature and are the main respeneibthe radioactive background
measured in low activity experiments. The analysis of thekgeound measured in MiDBD and
CUORICINO has shown their presence in bolometric experisieking for the DBDv of TeO;,
and we have therefore to take them into account to make a rediction of the background at-
tainable with CUORE. Also cosmogenic activated isotopestrba taken into account, even if their
activity is usually negligible. As discussed in sectior2j4due to the high cross section for cos-
mic activation of copper and tellurium, we can’t in fact rexglthe contribution of these isotopes
to the background. The most dangerous cosmic activateopiedh these materials $Co , due to
its long lifetime. As respect to copper activation, fi€o production rate is well studied and the
copper cross section for cosmic activation is well knownréspect to tellurium, the cross sections
for cosmic activation found in literature [120] still haverse uncertainty, and the evaluation of its
activation is still under study with various routines andat®r measurements.

In our background model we have not simulated contaminsteming from the experimental
parts located externally as respect to the outer lead sftisdddilution unit etc.). This choice is
justified by the fact that in the selection of these matenaswill require a contamination level
lower or at least comparable to the environmental gammagdvaakd, already considered in our
model.

8.2.1 Bulk contaminations

The main contribution to background from bulk contaminasdmes from the cryostat structure
(cryostat radiation shields), the heavy structures closied detectors (the copper mounting structure
of the array, the Roman lead box and the two lead disks on fheftihe array) and from the detectors
themselves (the Terystals). The concentration of radioactive impuritiesdis the computations
for these materials are given in Tab. (8.1).

Contaminant #21p 28y g 20pp C0
TeG, 0.5 0.1 1 1uBg/kg 0.2uBg/kg
copper 4 2 1 0 1QBqg/kg

Roman lead 2 1 1 4 mBqgl/kg 0

Table 8.1:Bulk contamination levels (in picograms per gram) used sgtmulation for Te@, copper and
lead.

These levels are nearly equal to the best upper limits obxdiefior the radioactive content of these
same materials as shown in Tab. (8.2).
All the values reported in Tab. (8.2) are 90% upper limitsdded in all cases no evidence of the
presence of radioactive contaminants was obtained for @itenal examined. The contamination
levels of TeQ reported in Tab. (8.2) are the best upper limits obtainenhftime analysis of the data
collected in MiDBD (Tab. 6.9) and in the first run of CUORICIN@th the 5x5x5 cm? crystals.
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A bolometric measurement was performed by the Milano grougrder to determine the contami-
nation of?!°Pb in the Roman Lead [119]. Copper [117] and lead [118, 11Atarninations were
determined through low activity Ge spectrometry. The datsented in Tab. (8.2) are the best
presently available in the literature for the radioactisataminations of Te§) copper and lead.

From a comparison between Tab. (8.2) and Tab. (8.1) it is ¢hedt the contamination levels
assumed for the CUORE simulation are perfectely compatilitie the presently available upper
limits. The only exception is that dfCo in TeQ crystals, due to the impossibility of performing
such a measurement to the required sensitivity with thdaaitechniques. We will be probably
able to reach such a sensitivity only with the CUORE detets$eif. We have studied, together with
the crystals factory, and on the basis of our present knayeled the cosmic rays production rates
and of the tellurium cross section for cosmic activationoagible time schedule for the crystals
growth and shipping to Gran Sasso, that can guarantee thi@eddow level of®®Co . A bulk
contamination of the crystals fiCo can be very dangerous since, through the absorption tfthe
gammas and the beta emitted in the decay, it generates awomtispectrum that can give a strong
contribution to the DBDwv region (Fig. 5.10). A minor contribution is due to the actadisotopes
1omaAg and!?4Sh, whose activity is 4 times lower and fast decreasing witle t

In the case of CUORE, the control on crystal production welBevere. A single 750 g crystal can
be grown in about two months, while it will require 18 montbgtow the 1000 CUORE detectors.
Once grown, the crystals will be shipped to Italy and storedenground. Their total exposure to
cosmic rays could be therefore limited to about 4 months. toted residual cosmogenic activities
after 2 years underground have been estimated (Sec. 53it®) the COSMO code [109]. This
code is studied to evaluate the production cross sectiorhendctivity of radio-nuclides produced
by primary protons and secondary neutrons of the cosmogadiation. The results depend on
two parameters: the cosmic ray flux, that is almost well knowmd the energy dependency of
the cross section, that must then be convoluted with the fllixe maximum value of the cross
section of tellurium for cosmic rays activation is evaluhte range between 1 and 3 GeV. The
residual cosmogenic activity 6fCo in TeQ evaluated with COSMO is 0£0.2 ,Bg/kg, for a total
exposure to cosmic rays of 4 months and after 2 years of uralerd storage. A recent experimental
determination of thé’°Co production cross section on tellurium by 1.85 GeV prothas been
obtained at LNBL [121]. The measured value (G815 mb) is in disagreement with the value
used by the COSMO program (0.85 mb). Another measuremeninade at CERN, measuring the
production cross section 8fCo by 24 GeV irradiating protons (far away from the intemegtnergy
range), obtaining again a smaller value than that of COSM@eW estimate of the production cross
section of®°Co using the YIELDS routine, containing the most updatedioer of the Silberberg
and Tsao equations, produces results in much better agne&ritle the experimental measurements
and gives an activity fof°Co in the CUORE crystals almost one order or magnitude smidlén

Contaminant method *?Th 8y 10K 210pp ®Co
TeO, bolometric 0.5 0.1 1. 1nBag/kg 1uBag/kg
Copper [117] Gediodes 5.6 2 0.3 - 18q/kg
Romanlead [117] Gediodes 0.2 0.9 1.1 - -
Roman lead [119] bolometric 4mBqg/kg -

Low act. lead [118] Gediodes 3.4 2.7 %1D.3 23.424Bqgkg 18 1 uBglkg

Table 8.2: Available 90% C.L. upper limits for bulk contaminations &C§, copper and lead (levels in
picograms per gram if not differently indicated).
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the previous estimate. The contribution to the OB2nergy region of the CUORE background by
cosmogenié®Co discussed above, could be therefore overestimated loy abe order of magnitude
and the allowed exposure period for Te@ystals could be consequently much longer.

Less critic is thé®®Co cosmogenic activation of copper. As shown in Fig. (5.00fact such a
contamination contributes at high energies with the summanne at 2505 keV, that can easily be
separated from the searched signal at 2528 keV. As it wilhosve later on the measured limit for
the Cu contamination level ifCo (Tab. 8.2), guarantees a not relevant contribution tCtH&ORE
background from this contamination.

Concerning small (mass) components of the CUORE detechicfvwe have not yet considered
so far in the simulation (e.g. NTD Ge thermistors, Si heatgliee layers, pins, wires and soldering
material,etc.), a very careful selection according tortbentamination is planned for the future. Asit
will be illustrated in more details in section 8.3, we canantfset, by means of the Montecarlo code,
upper bounds for the contamination levels of the small camepts, in order to have a negligible
contribution to the CUORE background in the D&benergy region.

The results of the Montecarlo simulations (see Fig. 8.1 )tifer background in the DB
region, for both the detector structures (cubical and dyigal), obtained using the contamination
levels discussed here, are given in Tab. (8.3) (see also8FQ. Unfortunately the inclusion of
the Roman Lead contribution in the computation of the CUOREKground was not possible. A
bug in the generation step for contaminations in this elémbas been in fact recently found in
the Montecarlo code. The problem will be solved in a shoretioat in any case we don't expect
contributions from this source to the DBD energy regions to be higher than the ones obtained for
copper box impurities.
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Figure 8.1: Simulated spectra for bulk contaminations of the Je@stals (green), the Copper structure
(red), the Copper 50mK shield (blue), the sum (black). Epeltisum is obtained by summing the simulated
anticoincidence spectra of all the CUORE detectors.

The assumed threshold is 10 keV and only values obtainedrafjeiring an anti-coincidence be-
tween detectors are indicated. The reduction we expedt,tivdt applied anti-coincidence cut ,of the
contribution due to bulk contaminations in the crystalsiew a factor of 4 for both the structures.
This gives a reduction in the total background in the DB@nergy region of a factor2. As it can

be seen from Tab. (8.3) the results obtained for the cubimhtglindrical structures are compatible,
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Figure 8.2:Double beta decay region of the simulated spectra of CUORBUtk contaminations of the
TeQ, crystals (green), the Copper structure (red), the CoppanBGshield (blue), the sum (black). Each
spectrum is obtained by summing the simulated anticoincielespectra of all the CUORE detectors and by
assuming as contamination levels the 90% C.L. limits evatlifor the materials actually at our disposal.

this leaving much freedom in choosing one or the other siradgh order to meet mechanical feasi-
bility requirements. The values indicated in Tab. (8.3)éhvbe considered as upper limits on the
possible contribution of bulk contaminations to the CUORIEKground. They prove that with the
already available materials and without any optimizatiothie geometrical structure of the detector
and shieldings the background in the D@Dregion is lower thanv4x10~2 count/keV/kgly (as
discussed above the contribution due to the copper adivagas been neglected).

We have also tested the possibility of an enrich€fiTé enriched crystals) detector with two
different structures: 4 towers of 10 planes each or 9 towkBplanes each. The obtained back-
ground in the DBDwv region after the anti-coincidence cut is reported in Tab4)(8 The back-
ground obtained is higher than in the previous cases, siitteaMower number of detectors the
anti-coincidence cut is less efficient.

8.2.2 Surface contaminations

Surface contaminations contribute to the background omignvthey are localized on the crystals
or on other materials directly facing them. In our model weeheonsidered contaminations on the
crystal surfaces and on the surface of the copper mountingtste, due to its large surface facing
the detectors. As learned in MiDBD and CUORICINO, the preseof even a very low level of
radioactive impurities on the surfaces of the detectorspraduce a non negligible contribution to
the DBDOv background level. Unfortunately this kind of contaminatithat is important mainly for
detectors without a surface dead layer (as is the case ofetéws), is poorly studied. Lacking any
data coming from direct measurements of the typical impueitels present on TeQand copper
surfaces, we rely on the results obtained in MiDBD and CUQRIT (Tab. 7.6). These indicate
that both a surface contamination of the crystals and of dpper surface of the mounting structure
is present. In the case of TeQwe know that the contamination is mairfhfU and that its presence
is strictly connected to the kind of surface treatment ugdee by the crystals. In the CUORICINO
5x5x5 cm? crystals this contamination produces a background cogiméite in the DBDwv region
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Cubical structure

Simulated Th232 U238 Co60 Sum
element c/keVikgly c/keV/kgly c/keV/kgly c/keVikgly
TeO2 2.38E-042.48E-05 1.43E-0% 5.05E-06 1.17E-03-1.91E-05 1.42E-03 3.17E-05
CuBox 5.87E-045.38E-05 7.66E-05- 2.55E-05 0.00E+00 0.00E+00 6.64E-84.96E-05
CuBar  4.48E-054.98E-06 3.06E-05- 5.40E-06 0.00E+00 0.00E+00 7.54E-©5/.35E-06
Cucell 2.14E-042.44E-05 1.58E-04 2.76E-05 0.00E+00 0.00E+00 3.72E-8643.68E-05
Cu50mK 2.83E-0%2.31E-06 0.00E+0@- 0.00E+00 0.00E+00 0.00E+00 2.83E-832.31E-06
Sum 1.11E-036.43E-05 2.80E-04 3.83E-05 1.17E-0811.91E-05 2.56E-03 7.73E-05

Cylindrical structure

Simulated Th232 U238 Co60 Sum
element c/keVikgly c/keVikgly c/keVikgly c/keVikgly
TeO2 2.12E-042.36E-05 1.45E-085.11E-06 1.20E-081.95E-05 1.42E-083.10E-05
CuBox 3.93E-044.63E-05 8.48E-052.83E-05 0.00E+080.00E+00 4.78E-045.43E-05
CuBar  2.97E-054.08E-06 2.71E-055.12E-06 0.00E+0€80.00E+00 5.68E-056.55E-06
Cucell 1.63E-042.15E-05 2.33E-043.37E-05 0.00E+080.00E+00 3.97E-043.99E-05
Cu50mK 3.19E-0%2.21E-06 0.00E+080.00E+00 0.00E+Q00.00E+00 3.19E-052.21E-06
Sum 8.30E-045.64E-05 3.60E-044.46E-05 1.20E-0B81.95E-05 2.39E-087.45E-05

Table 8.3: Computed background (after the anti-coincidence cut) i BBD0v energy region for bulk
contaminations in the different elements for cubical anléhdyical structures.

of about (2= 1)x10~2 counts/keV/kgly. Concerning the copper surface contatisinave still miss

a clear indication of its origin and identity (i.e. we are get able to distinguish between contribu-
tions generated by different sources), but we have an enatuaf the DBDOr background counting
rate that can be ascribed to them (whatever they?3te,or 22Th): ~0.14= 0.05 counts/keV/kgly.

According to a Montecarlo simulation of radioactive contaations of the CUORE detector
materials, based on the CUORICINO contamination levelb.(T&), we have extrapolated a back-
ground counting rate in the DBI region (after the anticoincidence cut) that can range berwel
and 2.5x 102 counts/keV/kgly for the Tegcrystals and between 5 and 7x 102 counts/keV/kgly
for the copper structure. The big spread is due to the higlentmiaty level we have in the evalu-
ation of the different radioactive contributions to the tBdORICINO background in the DB
energy region (Tab. 7.5). The evaluated contributions ¢oDBD0» energy region of CUORE are
summarized in Tab. (8.5).

The goal of CUORE is to reduce the surface contributions kactof at least 20 with respect to
this evaluation, obtaining a background coming from sw$acf about %102 counts/keV/kgly.
Improvements of a factor of1.5+-2 are expected simply by possible reductions of the copper
mounting structure dimensions (the Montecarlo simulatienused so far refers to an identical
mechanical structure for the CUORE and CUORICINO singleder modules). A reduction by
a factor of about ten of the copper (Tesurface contamination is therefore the first milestone of
CUORE.

The expected shape of the background, produced by surfatacmations in CUORE obtained
assuming the same contamination levels and the same meahatiucture of CUORICINO, is
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4 towers structure

Simulated Th232 U238 Co60 Sum

element c/keVikgly c/keVikgly c/keVikgly c/keV/kgly
TeO2 4.68E-043.52E-05 1.25E-054.78E-06 1.20E-081.96E-05 1.68E-0B4.06E-05
CuBox 7.60E-047.95E-05 8.37E-05£3.46E-05 0.00E+0€80.00E+00 8.44E-048.67E-05
CuBar  5.59E-055.64E-06 1.81E-0#4.22E-05 0.00E+080.00E+00 2.37E-0#4.26E-05
Cucell 250E-042.67E-05 1.63E-042.83E-05 0.00E+080.00E+00 4.13E-043.90E-05
Cu50mK 4.02E-05%4.09E-06 0.00E+0€81.19E-06 0.00E+080.00E+00 4.02E-054.26E-06
Sum 1.57E-039.12E-05 4.41E-046.17E-05 1.20E-081.96E-05 3.22E-031.12E-04

9 towers structures

Simulated Th232 U238 Co60 Sum

element c/keVikgly c/keVikgly c/keVikgly c/keVikgly
TeO2 3.52E-043.05E-05 1.07E-054.43E-06 1.20E-0831.96E-05 1.56E-083.66E-05
CuBox 8.73E-049.27E-05 6.63E-083.36E-05 0.00E+080.00E+00 9.39E-049.86E-05
CuBar  5.09E-055.38E-06 3.44E-0b5.81E-06 0.00E+080.00E+00 8.53E-057.92E-06
Cucell 2.89E-042.87E-05 2.06E-043.19E-05 0.00E+0€60.00E+00 4.96E-044.29E-05
Cu50mK 3.69E-054.23E-06 0.00E+0€81.03E-06 0.00E+000.00E+00 3.69E-054.36E-06
Sum 1.60E-031.02E-04 3.18E-044.69E-05 1.20E-081.96E-05 3.12E-031.14E-04

Table 8.4: Computed background (after the anti-coincidence cut) i BlBDOv energy region for bulk
contaminations in the different elements for 4 towers oioled crystals and cylindrical structures.

Contamination
Bg/cn?
Te(O,-U238 1.9E-08t+ 9.8E-09
Copper 4.9E-08 1.9E-08
Total 3.4E-08+ 1.3E-08

Element Contribution to the DBbregion
c/keVikgly
1.6E-02- 8.4E-03
5.8E-02- 6.6E-03

7.4E-02: 1.1E-02

Table 8.5:Estimated upper contribution to the CUORE D@&bregion from surface contaminations obtained
by using the surface contamination levels evaluated for RUIINO.

given in Fig. (8.3).

8.2.3 Underground neutron,u and « interactions

As mentioned earlier, neither contributions from undengidbcosmic muons nor neutrons have been
taken into account in detail in the estimation of the backgh However, the following simplified
arguments will serve to have an approximate idea of theitritartion. The depth of the LNGS
(3500 m.w.e) reduces the muon flux down4@x 108 cm~2s™!, but a further effective reduction
could be obtained with the use of an efficient (99.9%) actet® Yor muons traversing the CUORE
setup in order to tag possible events associated with them. mfuon-induced contribution to the
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Figure 8.3: DBDOv region of the simulated spectra for the surface contamametiof the Te® crystals
(green), of the Copper structure (red), the sum (black). FEsmectrum is obtained by adding the simulated
spectra of all the CUORE detectors after the anticoincigenat and by assuming the contamination levels
evaluated for CUORICINO.

background is therefore expected to be negligible.

On the other hand, the heavy shieldings surrounding the CBJ@&ector will substantially
reduce the event rate due to environmental radiation obuarorigin (neutrons and photons), envi-
ronmental radioactivity (natural decay chains U/#APb,*°K, ...), as well as muon interactions in
the surroundings rock or in the shielding itself. In geneoale considers neutrons of two origins:
from radioactivity in the surroundings or muon-induced.pBerding on the overburden of the un-
derground site (i.e., depending on the muon flux), muongéedwneutrons are produced, at lesser or
greater rate, both inside and outside the shielding. Theyerderated (according to their energies)
by the polyethylene/lead shield (when produced outsidéagged by the muon veto coincidence
(when produced within the passive shielding). The flux oeexdl neutrons in the LNGS environ-
ment has been measured (section 4.1) and has been evatibgg¢ll moderated by the polyethy-
lene shield and eventually absorbed or captured. We haviedarut a Montecarlo simulation of
the propagation of neutrons through the 10 cm thick boratdgethylene shield of CUORE. The
result is that the neutron induced event rate on the enteeggirange (from threhsold to 10 MeV)
is much lower than the contribution due the bulk contamoratf crystals. Neutrons produced by
muon interaction inside the shielding materials are vegrae and they can be efficiently tagged
by the muon veto. We have estimated that for the LNGS muon fiub«(10~® p/(cn?s)), muons
would produce in the CUORE shielding of polyethylene (10 emyl lead (20 cm)), about0.04
neutrons/day in the polyethylene shield an@5 neutrons/day in the lead shell. So, independent
of the mechanism used to reject or tag the events assocatezlitrons, their rather small number
is expected to play a secondary role in the total backgrowntpared with other main sources of
background.

A preliminary evaluation of the influence of the environnant background in Gran Sasso
resulted in a negligible contribution for the DB region.

A more complete and detailed study of the background rates &xternal sources for CUORE
is underway and will be used for the optimization of shietgimnd muon veto.
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8.2.4 Two neutrinos double beta decay background

Using the present upper limits for th& Te DBD2v half-life and the foreseen energy resolution in
the DBDOv energy region of-5 keV FWHM, the unavoidable background produced in the DBD
region by the DBQv has been evaluated to be completely negligible.

8.3 Background R&D for CUORE

CUORE construction will require about five years. Duringtiperiod we plan to spend much effort
in trying to further reduce the achievable background. &laee indeed several points on which it is
possible to work.

Material selection

The maximum acceptable value (Tab. 8.6) for the contanunégivel of the small components of the
CUORE detector, has been evaluated by means of the Mordexde, by setting their computed
overall contribution to the CUORE background in the DBBenergy region to a resonable value of
~ 0.001 c/keV/kgly (Tab. 8.7).

Contaminant #2Th B8y Co 210pp
element mBg/kg mBqg/kg mBqg/kg mBg/kg
copper 16E-03 25E-03 10E-03 -

roman lead 8E-03 12E-03 - 4
normal lead 8E-03 12E-03
NTD 3 1 0.1 30
Si heaters 4 2 0.2 0.3
Araldit 3E+03 1E+03 0.1E+03 30E+03
Cu pin 20 10 0.3 30E+03
teflon 40 25 2E-03 0.3
Au wires 3 2 1.7 30
Cu screws 0.2 0.1 3e-3 3

Table 8.6:The maximum acceptable value for the contamination of thews CUORE materials.

A program of measurements is therefore necessary, in avxdest and consequently select the
most radiopure materials. The working program shown in {&B) is based on the performances of
the best germanium facility we can access at the LNGS (FHg. 8Ilso materials used in the detector
assembling (i.e. vacuum grease and tin, acids, glovesr piapees, tools, varnish and stycast glue,
etc.) must be measured.

A very high radiopurity level is required for copper and Iganhce the mass of these materials
that surrounds the detector is quite largelb00 kg of Roman Lead and 150 kg of copper inside
the Roman Lead shield). Copper measurements with the waategitivity level have already been
done by Prof. G.Heusser [117], with a dedicated germaniuiectie. With respect to roman lead,
neutron activation measurements are under study.

Concerning the crystals, as it can be seen from Tab. (8.8)hithher evaluated contribution to
the DBDOv energy region, due to their bulk impurities, arises fri@o activation. As discussed
above the actual cross sections to be used to compute theueilactivation, after a supposed 4
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Simulated Th232 U238 Co60 Pb210
element c/keV/kgly c/keVikgly c/keVikgly c/keVikgly
NTD 4.52E-05: 9.03E-06 3.59E-05 5.29E-06 5.48E-05 6.84E-07 6.00E-051.55E-05
Wires  4.07E-05: 2.96E-06 4.27E-05- 2.81E-06 5.10E-0% 8.30E-07 5.84E-055.27E-06
Araldit  4.24E-05t 8.49E-06 3.37E-0%: 4.97E-06 5.15E-05% 6.42E-07 5.64E-0b1.46E-05
PTFE  5.34E-0% 7.40E-06 5.31E-05% 6.13E-06 4.25E-05- 5.24E-07 5.45E-05%9.95E-06

Si-heaters 5.08E-057.05E-06
Pin 4.25E-05- 2.46E-05
CuScrews 5.71E-053.30E-05

5.06E-05- 5.84E-06
3.91E-05 1.95E-05
5.25E-0%: 2.62E-05

4.05E-05- 4.99E-07
4.45E-05- 1.13E-06
5.98E-0%- 1.51E-06

5.19E-059.48E-06
5.02E-055.02E-05
6.74E-086.74E-05

Table 8.7: Computed background (after the anti-coincidence cut) & EBBDOv energy region for bulk
contaminations in the small components set to the maximgettable value.
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Figure 8.4:Background measured with the best Ge facility accessibliNGS.

element mass[g] measure time [h]
NTD 30 1000
Si heaters 30 3000
Araldit 300 300
Cu pin 2E+03 300
teflon 4E+03 300
Au wires 50 4000
Cuscrews 5E+03 1000

Table 8.8:Germanium measurement program for the CUORE materials.
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months period of exposure to cosmic rays and 2 years of urwerd storing, could be one order of
magnitude lower than the ones used by the COSMO code®'Twecontribution could therefore be
not so relevant. Fo®U and?*?Th impurities the surface contaminations prevent us frotaioing

a sensitive measure and actually we have only upper limiteebrder of 10'3g/g. However we
know that before crystallization the Te@owder is much more contaminated (Tab. 4.2) and that the
crystallization procedure usually reduces the contanandével of the final crystal with respect to
the bare material. Therefore the selection of a lower comation TeQ powder, together with the
efficient reduction of impurities by the crystallizationogedure should guarantee a contamination
level of ~1071* g/g. A complete over all control of every single step the @algsundergo during
their production from the original metallic powder is of flamental importance to ensure that no
additional contaminations are introduced. As alreadyutised in section (4.2), for example, the
presence of contaminants in the water used to clean thg pe@ders just after their production
and before the growing procedure could be transferred t@dweder. Also the material used for
the crucible in which the crystals are grown is critical ider to avoid the implantation of some
contaminant (eg:?°Pt) in the crystals bulk.

Material surface treatment

As discussed in section (8.2.2) the most dangerous radieastiurce is the surface contamination
of the crystals and of the parts with a large surface faciegittector. Particular care must therefore
be devoted to choose the best materials, tools and procetiube used to guarantee the required
purity level after machining and cleaning.

As discussed in section 6.4, the MiDBD crystal surfaces wergaminated, probably during the
polishing procedure, due to the use of highly contaminatedders. Polishing powders with a much
lower radioactive content are however commercially abddl§122] and have already been used for
CUORICINO (Tab. 4.2) obtaining a clear improvement in thefaze contamination. A complete
over all control of the surface treatments undergone by thstals after growth, and the use of
radiopure substances should guarantee an even bettdarthesuthat obtained in CUORICINO.

A similar situation holds for copper. In MiDBD and in CUORMNO the copper surfaces were
treated with an etching procedure [123] optimized in ordereduce impurities on surfaces before
the sputtering process. This procedure significantly imgdothe surface quality of copper and
reduced its surface contamination level. However it wasambimized from the point of view of
background. The use of low activity materials (thumbler) af low contaminated liquids (water
and inorganic acids are available witfU and?32Th contamination levels lower than 0.1 pg/g) in
a low background environment will allow a sizeable improeemof the surface contamination of
copper.

This (i.e. a slight improvement of the technique used withGRICINO) and other cleaning
procedures are under study and are going to represent atmorgart of the CUORE R&D activities
during the first two years after approval.

A bolometric measurement aiming to test a new cleaning jphareg for TeQ crystals and cop-
per frames, performed with low radioactivity measured mal® is in progress in the R&D setup,
located in the hall C of LNGS. First results seems to indieateduction of a factox 5 in the contri-
bution due to the crystal surface contaminations (redoafdahe alpha peaks and of the background
above 6 MeV). The measured background in thd 3/eV energy region seems however to be com-
patible with respect to the corresponding value obtainddW®RICINO, despite the different and
more accurate cleaning procedure. A higher statisticsgekier necessary in order to perform a
more accurate analysis and to take precise conclusions.

Very important is also to find a good technique able to measitrethe proper sensitivity the
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surface contamination of the various materials that witeféghe detectors. While the surface con-
tamination level of the crystals can be deduced by the algla&gintensities visible in the energy
spectrum of a bolometric measurement, more difficult is #adization of a surface measurement
for the copper and for other parts facing the detectors, mss$tance the teflon spacers.

Fast diagnostic methods to measure the surface contaomnetiels of Copper and determine the
effectiveness of the adopted surface cleaning procedueasaer investigation. Preliminary results
indicate that high resolution ICPMS could satisfy our regoients [124]. Sensitivities achievable
with this technique fof*¥U and??Th are in the range of 1¢~2 ppt of solution under investi-
gation. Since the maximum solution concentration can k&®?, the expected sensitivity on the
solute contamination (Copper) would be in the range 1-10p{3tU and?*?Th, i.e. enough for our
requirements. From the above discussion in fact, the saidaatamination measured in CUORI-
CINO (assuming a Lm copper layer) is of the order ef1-10 ppb of**U and?*?Th. Of course
very low radioactive levels comparable or even lower thanitistrumental sensitivity are required
for liquids (mainly acids and water) to be used in the solufioeparation (i.e. copper surface re-
moval). Liquids satisfying this requirement are howeveeadly commonly available.

Promising results have also been obtained with test peddrom surface sensitive bolometers.
The basic idea consists in the realization of active shigldse form of thin, large-area, ultrapure,
Ge or Si bolometers, by which the Tg€@rystals is surrounded so as to get rid of possible evergs ori
inating in the germanium (which could release part of thegrgy in the main detector) or outside
the detector with the anti-coincidence technique. The G®&i auxiliary bolometers are attached at
the main crystal, providing almost complete coverage. imlay, a composite bolometer is realized
with multiple read-out, capable to distinguish the origiritee event (active shields or Tg@rystal)
by means of the comparison among pulses coming from theeiiffeelements. A degraded alpha
coming from outside would release its energy in the shigidjmating a thermal pulse that, seen by
the shield thermistor, would be much higher and fast tharr@esponding pulse of the same energy
released directly in the main Tg@rystal. In Fig. (8.5) it is possible to appreciate the efingy of
the separation method. A scatter plot is shown, where thditau of the pulses collected with the
TeG, thermistor is plotted against the amplitude of the corraesiptg pulses collected with the shield
thermistor. Two clearly separated curves identify the evgenerated in the shield with respect to
the events generated in the main crystal. With such a teabnig could therefore be able to disen-
tangle the contributions to the background due to the coppéace contaminations. Measurements
of this kind are planned within 6 months in the hall C facilityLNGS.

Test on neutron activation measurements of teflon and asddiples (0.13 and 7.5 grams re-
spectively) have been performed at the McClellan Nucleacke Facility of Sacramento, with a
neutron flux of 1.8x10*neutrons/criysec. No useful results have been however obtained due to
large amounts of disturbing contaminants tt&a, 82Br, 124Sb,%5Zn, etc.). The only obtained result
regards thé*?Th contamination of teflon that has been found to be 0.6 mBlygdfgre the acid etch-
ing and 0.2 mBqg/kg after the etching procedure. This reduadditer surface etching could indicate
the existence of a not negligible surface contaminatiorhefrheasured teflon samples. Standard
alpha measurements of teflon and araldit samples are plamaeghort time in order to evaluate the
surface contamination of these components.

Detector geometry and shieldings optimization

The CUORE structure described up to now is based on the sesifained in CUORICINO and
on the experience gathered with the test-runs performeleirnall C cryostat on the>%x5 cm?

crystals. We have been very conservative in the design oy &@&dORE element. However, we
foresee a significant activity of R&D during the next one ootyear. In fact, there are indications
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Figure 8.5:Scatter plot of the pulse amplitude from Te@ermistor vs. the pulse amplitude from the shield
thermistor.

that several aspects of the CUORE detectors can be imprabstestially with respect to the present
performance (for instance, single element reproduciibind some of them need to be improved
dramatically (mostly, the background level due to surfam@@mination that could limit the CUORE
sensitivity).

As discussed in section (8.2.1) different possibilitiestiee detector geometry have been tested.
Mechanical feasibility requirements for the cryostat vebinl fact prefer a cylindrical structure of the
detector with respect to the initially chosen cubical one@c& Montecarlo simulations have shown
compatible results for the two setups, the finally chosarcsire was the cylindrical one (Fig. 5.4b),
provided also with cylindrical shields.

Still open is the choice of the material and of the thickndg¢h@shields. Cryogenic motivations
would in fact prefer copper instead of roman lead for theldiigs composition. Montecarlo sim-
ulations are therefore planned in order to to find out the bleiding composition and thickness
in order to have a negligible contribution to the backgroumthe DBDO» energy region from the
contamination of the shielding and of all the experimengatpexternal to the shield itself.

As guoted above, also the geometry of the detector framekbtodee optimized, in order to have
the least amount of copper and teflon facing the crystals thilteasame time have a good holding
system, preventing crystals from vibrations. This reducitould give improvements of a factor
~1.5+2 in the DBDOv region background. Tests with a new crystal hanging systerplanned in
a short time in the R&D facility in hall C of LNGS.

8.4 CUORE DBDOv sensitivity

The main scientific objective of the CUORE detector is thedetor neutrinoless double beta decay
of the *°Te isotope, contained in the Te@rystals. The detector factor of meripKeq. 1.57), or
detection sensitivity, introduced in section (1.2), pd®s an approximate estimate of the neutrino-
less half-life limit (1) achievable with a given detector. In the case 6% 5 cn?® TeO, bolometers
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(for which the DBD)v detector efficiency is 0.86) we have

Mt
F% ~ 759 x 102/ — 8.1
D X BT (8.1)

with M the crystal mass in kg and B the background in count&p¥rper year and per kg of detector
mass.

A background of B=0.01 c/keV/kg/y would be achievable witslight improvement of the cur-
rent available material selection and cleaning technigus exploting the possibility to build a
dedicated cryostat with low activity materials and effeethields. Assuming finally an energy res-
olutionT'(2.5 MeV)=5 keV, we would get ® of 9.4x10%/t years (6.5%10?+/t years forl'=10
keV), which in t years of statistics would providén, )| bounds in the range 0.036-0.24* eV
(according to QRPA modelsjFpredictions, Tab. (1.2)). However, the R&D to be carried iout
CUORE, if successful, would provide a value o£B.001 c/keV/kgly, i.e. a detection sensitivity of
Fp~2.96x 107/t years (2.% 10%+/t years forl'=10 keV), or|{m, )| bounds in the range 0.02—
0.11t*eV.

8.4.1 Enrichment option

CUORE is the only proposed next generation DBR2xperiment that plans the use of non-enriched
material. Indeed, the high isotopic abundancé&*¢fe allows very high sensitivities even using the
much cheaper natural tellurium. This obviously implied tha construction of a larger array would
not only be technically possible but also fisically accefgatDn the other hand the high natural
abundance of**Te allows a much simpler and less expensive enrichment guoeethan that for
other double beta decay candidates.

The possibility of an enriched detector has been taken iotount. Te@ crystals made with
130Te enriched material have been already operated in MiDBDGIW@RICINO, making an en-
riched CUORE a feasible option. The last proposed geometrtheE cUORE detector is made by
a core of 144 enriched crystals, arranged in 4 towers of 9eglaach, and surrounded by 844 nat-
ural crystals. The sensitivity reachable with this detectmfiguration has been evaluated. With a
background of B=0.01 c/keV/kgly and an energy resolufi@5 MeV)=5 keV, we would get ¥
of 1.85x 10?61/t years (1.2& 10°°\/t years forl'=10 keV), which in t years of statistics would pro-
vide [{m, )| bounds in the range 0.026-0.144 eV (according to QRPA modelsyFpredictions,
Tab. (1.2)). With a value of B0.001 c/keV/kgly, a detection sensitivity of,~5.85x 10?61/t years
(4.14x 1075/t years forl'=10 keV) would be possible, corresponding to|am, )| bounds in the
range~0.01-0.08t/* eV.
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